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A B STRA CT.
S p h a le r i te  o x id a tio n  by F e ( I I I )  in. s o lu t io n  in  th e  absence o f  oxygen was 
s tu d ie d  u s in g  two s p h a le r i te  c o n c e n tra te s '.
( i )  B lack  Mountain s p h a l e r i t e  fo r e s  an im perv ious p ro d u c t l a y e r  around 
th e  p a r t i c l e  le a c h in g  to  40% co n v e rs io n  a f t e r  5 h o u rs  a t  80eC in  an excess 
o f  F e ( I l I ) .  The p a s s iv a t io n  mechanism was shown by e lec tro m ic ro g rap h  
a n a ly s is  n o t t o  be  th e  fo rm atio n  o f  an in s o lu b le  le a d  su lp h a te  la y e r . The 
i n i t i a l  r a t e  i s  c o n tro l le d  by d i f f u s io n  th ro u g h  th e  p roduct la y e r .
(11) D ata  o b ta in ed  from th e  l i t e r a t u r e  f o r  th e  le a c h in g  o f  Gamsberg 
s p h a l e r i t e  i s  d e sc r ib e d  by an e le c tro c h e m ic a l s h r in k in g  co re  model.
O x id a tio n  o f  F e ( I I )  by oxygen was- s tu d ie d  under d i f f e r e n t  c o n d itio n s  o f 
? e ( I I )  c o n c e n tra tio n ,  tem p era tu re , oxygen p a r t i a l  p re s s u re  and ac id  con­
c e n t r a t io n ,  and a modal, c o n s is te n t  w ith  p re v io u s ly  proposed  models, was 
f i t t e d  to  th e  d a ta .
The le a c h in g  o f  Gamsbezg s p h a l e r i t e  by  F e ( I l I )  in  th e  p re sen ce  o f oxygen 
i s  w e ll-d e s c r ib e d  by th e  sim u ltan eo u s n um erica l s o lu t io n  o f th e  two 
eq u a tio n s  which d e sc r ib e  th e  models f o r  le a c h in g  on i t s  own and fe rro u s  
io n  o x id a t io n  on i t s  own. Leaching  o f  B lack Mountain s p h a le r i te  by 
F e ( I I l )  in  th e  p re sen ce  o f oxygen d isp la y e d  th e  same p a s s iv a t io n  behaviour 
found w ith o u t oxygen.
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1. INTRODUCTION.
Most modern commercial z in c  p la n ts  employ a process  c o n s is tin g  cf a 
p y rom eta llnT g ica l ro a s t in g  s te p ,  fo llow ed by a h y d ro m e ta llu rg ie a l leach  
s te p  to  convert s p h a le r i te ,  a z in c  su lp h id e  m inera l, to  z in c  in  so lu tio n  
and su lp h u r d io x id e . The z in c  in  s o lu t io n  i s  subsequen tly  electrow on. 
The su lp h u r d io x id e  i s  e i t h e r  r e le a s e d  t o  th e  atm osphere, o r converted  
to  su lp h u ric  ac id  in  an ac id  p la n t .  Van N iekerk and A llen  (1977) d e sc rib e  
a ty p ic a l  ro a s t- le a c h  z in c  p ro c e ss . A s u b s ta n t ia l  p ro p o rtio n  o f th e  p la n t 
c a p i ta l  c o s t i s  a t t r ib u te d  to  th e  ac id  p la n t ,  and much o f th e  running  
c o s ts  a re  due to  th e  ro a s tin g  s te p .
A lte rn a tiv e  tec h n o lo g ie s , c o n s is tin g  only o f  h y d ro m e ta llu rg iea l s tep s  
which produce e lem en tal su lp h u r , have been developed by S herritt-G o rd o n  
M ines, L td .,  and th e  Council f o r  M ineral Technology (MINTEK). These a l ­
te rn a t iv e s  have th e  advantage t h a t  th ey  do n o t r e q u ire  an ac id  p la n t, 
s in c e  th ey  produce e lem en tal su lp h u r which i s  more e a s i ly  s to re d  and 
tra n sp o r te d  th an  su lp h u ric  a c id ,  and th a t  lower o re  grades can be tr e a te d  
more e a s i ly .
D oyle, M aste rs , W ebster and Veltman (1978) compared th e  ro a s t- le a c h  w ith  
an a l te r n a t iv e  h y d ro m e ta llu rg ie a l p ro c e ss , and re p o rte d  on th e  re se a rc h  
and development done on d i r e c t  p re s su re  le ach in g  technology a t  
S h e rritt-G o rd o n  M ines, L td ..  Z inc su lp h id e  c o n c e n tra te  i s  leached  in  
c e ll-h o u se  r e tu rn  ac id  w ith  an o v e r-p re s su re  o f oxygon accord ing  to ;
ZnS +F2S04 + 1 /2 02 -* ZnS04 + H^O + S° 1.1
in  a p re s su re  leach  v e s s e l a t  tem pera tu res above th e  m elting  p o in t o f 
su lp h u r, 160eC. Su rface  a c tiv e  agents a re  added to  ensure complete con­
v e rs io n  in  a s in g le  o r tw o -stag e  au to c lav e  co n fig u ra tio n .
Verbaan (1981) p a te n te d  e p ro cess  developed a t  MINTEK in  which z in c  
su lp h id e  m a te r ia l  i s  leached  below th e  m eltin g  p o in t o f su lp h u r, 119eC, 
in  a two s te p  p roceus. The z in c  i s  d isso lv e d  in  a so lu tio n  c o n ta in in g  5 
to  50 g /1  iro n  and a maximum o f 20 g /1 su lp h u ric  a c id  from . till-h o u s e  
r e tu rn  a c id . The main d if fe re n c e  between th i s  and th e  S h e rritt-G o rd o n  
process  a re  th e  co n d itio n s  under which leach in g  occu rs , and th a t  in  th e  
HINTEK p ro cess  th e  iro n  i s  p a r t i a l l y  o x id ise d  in  a se p a ra te  o p e ra tio n  to  
th e  d is s o lu t io n .
In  bo th  th e  S h e rritt-G o rd o n  and th e  MINTEK p rocesses  th e  s p h a le r i te  
f l o t a t i o n  c o n cen tra te  in  leached  under p re s su re  in  an a c id ic  f e r r i c  
su lp h a te  medium. The s o lu t io n  co n ta in s  su lp h u ric  ac id , d isso lv ed  oxygen, 
f e r r i c  io n s , fe r ro u s  .'one and z in c  io n s . A fundam ental u n d erstand ing  o f 
th e  p ro cess  would a id  in  both th e  design  and o p e ra tio n  o f p la n ts  employing 
th e s e ,  o r s im ila r  te ch n o lo g ie s .
The rem aining p o rtio n  o f c h ap te r 1 o u t l in e s  th e  re se a rc h  th a t  has been 
done in  th e  a re a  o f m odelling  th e  s p h a le r i te  d is s o lu t io n  mechanism, and 
th en  d e f in in g  th e  purpose and scope o f  t h i s  s tu d y . Research on th e  
o x id a tio n  o f fe rro u s  ion  by d isso lv e d  oxygen i s  a lso  review ed. In  ch ap te r 
2 a m athem atical model d e sc r ib in g  th e  r a te - l im i t in g  s te p  o f th e  s p h a le r i te  
d is s o lu t io n  as an e lec tro ch em ica l re a c t io n  i s  deriv ed  and a model de­
s c r ib in g  th e  fe rro u s  ion o x id a tio n  re a c tio n  based  on th e  work o f prev ious 
re se a rc h e rs  i s  a lso  p re se n te d . The experim en tal work i s  re p o rte d  in  
c h ap te r  3 . The experim ental r e s u l t s  fo r  th e  leach in g  o f s p h a le r i te  from 
th e  Black Mountain and o re  d e p o s its  a re  analysed  in  ch ap te r 4 . Data fo r  
th e  leach in g  o f  Black Mountain s p h a le r i te  was measured in  t h i s  stu d y ,
w hile  th a t  fo r  th e  Gatosberg s p h a le r i te  was o b ta ined  from th e  l i t e r a t u r e  
(Verbaan, 1980). The fe rro u s  ion  o x id a tio n  r e s u l t s  ar» analysed  in  c h ap te r  
5 , w h ile  th e  r e s u l t s  fo r  th e  combined system , th a t  i s ,  th e  leach in g  of 
s p h a le r i te  from Black Mountain and Gamsberg o re  d ep o s its  in  a c id ic  f e r r i c  
s u lp h a te  media in  th e  p resence o f oxygen, a re  analysed  in  ch ap te r 6. 
A gain, th e  d a ta  fo r  Black Mountain leach in g  was measured in  t h i s  s tudy  
w hile  th a t  fo r  th e  Gamsberg was taken  from th e  l i t e r a t u r e .  The conc lusions 
and recommendations a re  d iscussed  in  ch ap te r 7.
1.1 L ite ra tu re  s u rv e y .
The p re s su re  le ach in g  o f th e  s p h a le r i te  in  a c id ic  f e r r i c  su lp h a te  s o lu t io n  
in  th e  p resence  o f  d is so lv e d  oxygen i s  a th ree -p h ase  system . I t  c o n s is ts  
of s o l id  s p h a le r i te ,  a c id ic  f e r r i c  su lp h a te  in  s o lu tio n  and oxygen in  
gaseous and d is so lv e d  forms in  a s t i r r e - s .  The s p h a le r i te  leach
re a c tio n  consumes f e r r i c  io n , and produ. . • s io n , s in e  in  s o lu t io n ,  
and e lem en tal su lp h u r. The d isso lv ed  oxy6 d ise s  th e  fe rro u s  ion  to
th e  f e r r i c  s t a t e .  I f  i t  i s  assumed th a t  th e se  two re a c tio n s  occur in d e ­
penden tly  o f each o th e r ,  then  they  can be t r e a te d  s e p a ra te ly .
1 .1 .1  K inetics o f sp h a le r ite  d isso lu tio n .
Forward and Warren (1960) reviewed th e  a v a ila b le  l i t e r a t u r e  fo r  th e  ex­
t r a c t io n  o f m eta ls  from base m etal su lp h id es  by h y d ro m e ta llu rg ica l m eth­
ods and re p o rte d  on th e  chem istry  o f th e  d is s o lu t io n  p ro c e ss . They 
concluded t h a t  th e  p roduc ts  o f th e  r e a c t io n  a re  la rg e ly  determ ined by th e  
hydrogen ion  c o n c e n tra tio n , th e  p resence  o r absence o f an o x id is in g  ag en t,
and th e  tem pera tu re  in  so f a r  as i t  a f f e c t s  th e  form ation  o f su lp h a te s . 
In  th e  absence o f an o x id is in g  agen t, th e  re a c t io n  i s :
ZnS + H2S04 *♦ 2nS0A + 1.2
w hile  in  th e  p resence  o f oxygen, th e  r e a c t io n  i s :
ZnS +H2S04 + 1/2 02 ■» ZnSO  ^ + H20 4 S° 1.3
O xidation  by oxygen can occur d i r e c t ly  in  so lu t io n s  o f h ig h e r pH v a lu e s , 
as fo llow s:
In  th e  p re sen ce  o f f e r r i c  ion as an o x id is in g  ag en t, th e  o v e ra l l  d i s s o l ­
u tio n  re a c t io n  occurs as fo llow s:
ZnS 4 Fe2 (S04 ) 3 -» ZnS04 4 2FeS04 4 S° 1.5
This re a c t io n  may occur w ith  hydrogen su lp h id e  as an in te rm e d ia te , o r by 
d i r e c t  o x id a tio n . S co tt and N icol (1978) d is tin g u is h e d  between an 
o x id a tiv e  re a c t io n ,  in  which th e  su lp h id e  su lp h u r i s  o x id ise d  d i r e c t ly  
in  th e  d is s o lu t io n  s te p ,  and a n o n -o x id a tiv e  re a c t io n ,  in  which th e  
su lp h id e  su lp h u r i s  o x id ised  in  a  subsequent re a c t io n .  This can be  i l ­
lu s t r a te d  as fo llow s:
Oxidative dissolution.
ZnS 4 Fe2 (S04 ) 3 -+ ZnS04 4 2FeS04 4 S° 1.6
tion-oxidative dissolution.
ZnS 4 H2S04 * ZnS04 4 HgS 1 . 7 a
w ,  -  V ,  -
2 4 ’
H S + Fe (S O ,), » H.SO, + 2F»S0, + S° 1.7 b
The dominant d is s o lu t io n  mechanism would depend on th e  r e l a t i v e  concen­
t r a t i o n  o f f e r r i c  ion and su lp h u ric  a c id . In  a s o lu t io n  o f  h igh  f e r r i c  
ion  co n c e n tra tio n , o x id a tiv e  d is s o lu t io n  would be expected  to  occur, 
w h ile  in  a so lu tio n  o f h igh  a c id i ty  th e  n o n -o x id a tiv e  process  w i l l  dorci-
Forward and Warren (1960) sep a ra te d  th e  fa c to r s  t h a t  nay c o n tro l th e  r a t e  
o f d is s o lu t io n  of su lp h id e  m inera ls  in to  th r e e  c a te g o r ie s :  ( i )  Mass 
t r a n s f e r  o f re a c ta n ts  o r  p roduc ts  in  th e  s o lu t io n ,  ( i i )  C oating  o f in ­
s o lu b le  p roducts  tin th e  s u r fa c e  o f th e  m in e ra l, o r ( i i i )  Chemical re a c tio n  
on th e  s u rfa c e  o f th e  m in e ra l,  e r  in  th e  so lu t io n .  They re p o rte d  th a t  when 
o x id a tio n  occurs below 1180C, th e  film  o f e lem en tal su lp h u r th a t  i s  formed 
i s  po rous, and does n o t i n h ib i t  o x id a tio n . Between 118eC and 160°C, th e  
su lphur c o a ts  th e  m ineral and p rev en ts  fu r th e r  o x id a tio n , w h ile  above 
160°C th e  su lphur ox iV ises com pletely  t o  su lp h a te , and, th e re fo re ,  dees 
n o t i n h ib i t  th e  d is s o lu t io n .
Woodcock (1961) review ed th e  l i t e r a t u r e  pub lish ed  p r io r  to  1961, and r e ­
p o rte d  ca se s  where each o f th e  above-m entioned r a te - c o n t r o l l in g  mech­
anisms occu r. He a ls o  re p o rte d  th a t  th e  r e a c t io n  a t  th e  s u rfa c e  was 
e le c tro c h e m ic a lly  c o n tro l le d ,  and suggested  t h a t  more work be done in  th a t
D utrixec. and Macdonald (1974) review ed th e  l i t e r a t u r e  fo r  th e  le&ehing 
o f base m etal su lp h id es  by f e r r i c  ion and re p o rte d  vhat th e  leach in g  of 
s p h a le r i te  i s  c o n tro lle d  by th e  d if fu s io n  o f  f e r r i c  iro n  in  s o lu tio n ,  w ith  
an a c t iv a t io n  energy o f  about 24 kJ/m ol, which i s  c o n s is te n t  w ith  d i f ­
fu s io n  c o n tro l .  I t  was a lso  a ls o  re p o rte d  th a t  th e  r a t e  i s  d i r e c t ly  p ro ­
p o r t io n a l  t o  th e  f e r r i c  ion  co n c e n tra tio n , and I s  n o t impeded by the 
fo rm ation  o f e lem en tal su lp h u r.
R ath , Paramguru and Jena (1981) re p o tte d  an a c t iv a t io n  energy o f  about 
90 kJ/m ol fo r  th e  leach in g  o f a s y n th e tic  z in c  su lp h id e  in  a c id ic  f e r r i c  
c h lo r id e  media. This v a lu e  i s  too  high fo r  l iq u id  film  d if fu s io n  c o n tro l.  
They o b ta ined  p a ra b o lic  k in e t ic s ,  and proposed th a t  th e  r a t e  i s  c o n tro lle d  
by f e r r i c  ion d if fu s io n  through  th e  e lem en tal su lp h u r la y e r .
Jan , Hepworth and Fox (1976) concluded th a t  th e  r a t e  determ in ing  s te p  was 
th e  r e a c t io n  a t  th e  m inera l su r fa c e , and n o t f e r r i c  ion  d i f fu s io n ,  even 
though he observed an apparen t a c t iv a t io n  energy o f  24 kJ/m o l, and a 
dependence on a g i ta t io n ,  th ey  a t t r ib u te d  th e  l in e a r  k in e t ic s  th a t  he 
o b ta ined  to  th e  shape o f  th e  s p h a le r i te  p a r t i c l e s  which appeared to  have 
a d is k - l ik e  shape when examined under an e lec tro n -m ic ro sco p e . In  th e  
absence o f an o x id is in g  agent o th e r  th an  oxygen, he proposed t h a t  th e  
re a c t io n  p roceeds accord ing  to  equa tion  1 .7 , th a t  i s ,  n o n -o x id a tiv e ly .
By leach in g  2nS in  th e  p resence  o f  su lp h u ric  ac id  and io d id e , he demon­
s t r a t e d  t h a t  th e  re a c t io n :
was in s ta n ta n e o u s , and th a t  o x id a tio n  o f hydrogen su lp h id e  by oxygen:
i s  slow and r a t e  d e te rm in ing . In  th e  p resence  o f f e r r i c  ion , he proposed 
th a t  th e  ro le  o f th e  oxygen i s  t o  re -o x id is e  th e  fe rro u s  ion produced in  
o x id is in g  th e  hydrogen su lp h id e . This scheme can be  re p re se n te d  by:
ZnS + H2S04 ■* ZnS0A + H2S
H2S + l /2 0 2 »
ZnS + H2S04 = ZnS04 + H2S
2FeS04 + H2S04 + 7 2  02 -  Fe,,(S04 ) 3 + HjO
f . 2 (so4 ) 3 + H2S -  2F«so4 + »2S04 + s°
and th e  o v e ra l l  re a c t io n  would th en  be;
ZnS +H2S04 + 1 /2 02 ZnS04 + H^O + S
w ith  r e a c t io n  1 .10c as th e  ra te -d e te rm in in g  s te p .
Verbaan (1977) leached a number o f  d i f f e r e n t  types of s p h a le r i te s  in  th e  
p re sen ce  and absence o f f e r r i c  ion  in  ac id  su lp h a te  media. He attem pted  
to  e x p la in  th e  mechanism o f d is s o lu t io n  in  term s o f Langmuir-Hinschelwood 
a d so rp tio n  iso th e rm s , and was r e l a t i v e ly  su c c e ss fu l in  th e  absence of 
f e r r i c  io n . He showed th a t  th e  H^S formed during  re a c tio n  was d ra m a tic a lly  
decreased  by th e  ad d itio n  o f f e r r i c  ion . He ob ta in ed  c o n f l ic t in g  evidence 
as to  whether o r  n o t th e  e lem en ta l cu lphur r e s u l te d  in  p ro d u c t- la y e r  
d if fu s io n  c o n t r o l .
Pawlek (1969) proposed an e n t i r e ly  d i f f e r e n t  mechanism fo r  th e  p re ssu re  
leach in g  o f z in c  blende in  th e  p resence  o f d is so lv e d  oxygen. He desc rib ed  
th e  k in e t ic s  i n  term s o f an e lec tro ch em ica l m odel, analogous t o  th e  c o r­
ro s io n  o f  m e ta ls . This d e s c r ip t io n  invo lves anodic  and c a th o d ic  p a r t i a l  
re a c t io n s  o ccu rrin g  on th e  s u r fa c e  o f th e  m in e ra l, w ith  a c u r re n t flowing 
between th e  l o c a l i t i e s  where th e  se p a ra te  p a r t i a l  re a c t io n s  ta k e  p la c e . 
The anodic  p a r t i a l  re a c t io n  re le a s e s  e le c tro n s  by:
w h ile  th e  c a th o d ic  re a c t io n  consumes th e  e le c tro n s  produced by:
A lthough z in c  blende i s  a sem i-conductor w ith  a very  high r e s i s t i v i t y
+ 5 4 2e
4 2H+ + 1/2 02 * H20
(6 x 109 -cro), th e  e le c tro n  exchange occurs over a l im ite d  l o c a l i ty
and th e  high . ranee o f th e  m ineral does n o t l im i t  th e  e lec tro ch em ica l 
re a c t io n .  In  s tudy  o f th e  e lec tro ch em ica l behaviour o f v a rio u s samples 
o f ga len a  (PbS), S p ringer (1970) concluded th a t  th e  e le c tro n ic  conduction  
p ro p e r t ie s  o f m inera ls  do n o t norm ally  a f f e c t  th e  o x id a tio n  and d i s s o l ­
u tio n  re a c tio n s  in  which e lec tro ch em ica l re a c tio n s  a re  im portan t.
Pawlek (1969) d id  n o t d e sc r ib e  th e  o v e ra l l  k in e t ic s  in  term s o f  an 
elec tro ch em ica l model a lo n e , b u t used a theo ry  o f boundary chem isorp tion , 
in d ic a t in g  th a t  o th e r  r a t e  c o n tro l l in g  p rocesses  a re  involved . He found 
th a t  i n i t i a l  d is s o lu t io n  r e s u l te d  in  th e  form ation  o f HgS which re ta rd s  
th e  d i s s o lu t io n .  Pawlek showed experim en ta lly  th a t  continuous removal o f 
HgS can in c re a se  th e  r a t e  o f d is s o lu t io n  by approxim ately 4 tim e s .
S c o tt and N icol (1976) re p o rte d  in c o n s is te n c ie s  between th e  experim ental 
o b se rv a tio n s  and th e  p re d ic tio n s  based on th e  assum ption th a t  th e  d i s ­
s o lu t io n  occurs by means o f a no n -o x id a tiv e  a t ta c k  fo r  v a rio u s d if f e r e n t  
s p h a le r i te s  and suggested  th a t  th e  mechanism o f  d is s o lu t io n  in  a c id ic  
f e r r i c  su lp h a te  media m ight be d i r e c t  o x id a tio n . They concluded th a t  th e  
mechanism o f d is s o lu t io n  i s  dependant on th e  ty p e  o f s p h a le r i te .  Using 
a s p h a le r i te -g ra p h i te  e le c tro d e  th ey  in d ic a te d  th a t  th e  process  d i r e c t ly  
re sp o n s ib le  fo r  th e  r a t e  o f  d is s o lu t io n  occurs on th e  su rfa c e  o f  th e  
e le c tro d e ,  and th a t  i f  d i r e c t  o x id a tio n  does occur one would expect th e  
p o te n t ia l  o f th e  z in c  su lp h id e  su rfa c e  to  l i e  in  th e  reg io n  o f +0,4 V 
w ith  re fe re n c e  to  th e  s tan d a rd  calom el e le c tro d e .  They experienced  d i f ­
f i c u l ty  w ith  t h i s  type  o f experim ent duo to  th e  h igh  r e s i s t i v i t y  of 
s p h a le r i te .  In  a d d itio n ,  they  suggested  th a t  th e  oulphur produced a t  th e  
s u rfa c e  may r e ta rd  th e  non -o x id a tiv e  d is s o lu t io n .
S c o tt and Dyson (1968) no ted  th e  c a t a ly t i c  a c t iv i ty  o f se v e ra l m eta ls on 
th e  oxygon p re s su re  leach in g  o f a chem ically  p rep a red  z in c  su lp h id e . This
a c t v i t y  in c reased  in  th e  o rd e r  Fe < Mo < Ru < Bi < Cu. The e f f e c t  o f th e  
c a ta ly s t s  was a t t r ib u te d  to  p e n e tra tio n  th a t  in f lu e n c e s  th e  e le c tro n ic  
c o n d u c tiv ity  o f th e  l a t t i c e ,  anti th u s  allow ing  e lec tro ch em ica l d i s s o l ­
u tio n  to  occur accord ing  to  eq ua tion  1.11 a t  th e  s o l id  su rfa c e . The main 
param eters a f f e c t in g  d is s o lu t io n  were c a ta ly s t  co n ce n tra tio n , tem per­
a tu re ,  oxygen p re s su re  and ac id  co n ce n tra tio n . The su lp h a te  th a t  formed 
was a t t r ib u te d  to  th n  o x id a tio n  o f  H^S, th a t  formed as an in te rm e d ia te  
p roduc t.
Wadsworth (1972) reviewed th e  l i t e r a t u r e  fo r  th e  leech ing  o f base m etal 
su lp h id e s . He p re sen ted  a g e n e ra lis e d  r a t e  ex p ressio n  fo r  th e  d is s o lu t io n  
mechanism c o n ta in in g  d if fu s io n ,  chem ical r e a c t io n ,  and e lec tro ch em ica l 
re a c t io n  te rm s. In  o rd e r to  e v a lu a te  th e  in f lu e n c e  o f th e  p o te n t ia l  on 
th e  k in e t ic s ,  an e le c tro d e  was made from ch a lc o p y rite  and th e  p o te n t ia l  
was m easured. He concluded from h is  r e s u l t s  th a t  cathoddc re d u c tio n  o f 
oxygen a t  th e  s u rfa c e  c o n tro lle d  th e  e lec tro ch em ica l k in e t ic s .  He s ta te d  
t h a t  th e  la rg e  a c t iv a t io n  energy and p a ra b o lic  k in e t ic s  suggested  d i f ­
fu sio n  through th e  product la y e rs  c o n tro lle d  d i s s o lu t io n .  He concluded 
th a t  th e  ro le  o f th e  e lec tro ch em ica l r e a c t io n  i s  n o t c le a r  from th e  ob­
served  k in e t ic s  fo r  c h a lc o p y rite .
Verbaan (1980) concluded in  a l a t e r  exam ination th a t  th e  k in e t ic s  o f  th e  
leach in g  o f s p h a le r i te  i s  e lec tro ch em ica l in  n a tu re  in  which th e  r a t e  is  
dependant on th e  r a t i o  o f th e  f e r r i c  ion  c o n c e n tra tio n  to  th e  power 0 ,4  
to  th e  fe rro u s  ion c o n c e n tra tio n  to  th e  power 0 ,2 5 , and re p o rte d  an em­
p i r i c a l  c o r r e la t io n  based  on t h i s  fo r  th e  le ach in g  r e s u l t s  in  a c id ic  
f e r r i c  su lp h a te  media. No a ttem p t was made to  u se  e lec tro ch em ica l theo ry  
in  th e  fo rm ula tion  o f  t h i s  c o r r e la t io n ,
Dry (1984) review ed th e  l i t e r a t u r e  fo r  base m etal su lp h id e s . He leached 
low grade m atte  in  a c id ic  f e r r i c  su lp h a te  media, and proposed t h a t  th e
mechanism o f d is s o lu t io n  i s  o lec tro ch em ica lly  c o n tro lle d .  He p re sen ted  
an e lec tro ch em ica l model in c o rp o ra tin g  th e  p r e d ic tio n  o f th e  redox po­
t e n t i a l  as an approxim ation fo r  th e  m inera l su rfa c e  p o te n t ia l .  (This 
model w i l l  be discuss*. . g re a te r  dep th  in  ch ap te r 2 .)  He in c o rp o ra ted  
th e  k in e t ic s  proposed f t .  anodic d is s o lu t io n  o f galena (PbS) by P au l, 
N ico l, D iggle  and Savmde-t (1977), uho proposed t h a t  galena d isso lv e s  
an o d ic a lly  in  two s in g le - e le c tro n  t r a n s f e r  s te p s  v ia  S as an in te rm ed ia te  
to  e x p la in  th e  r e s u l t s  they  o b ta ined  from a PbS e le c tro d e  usin g  c y c lic  
volcammetry.
I t  appears th a t  th e  more recen t s tu d ie s  fo r  s p h a le r i te ,  and o th e r  su lp h id e  
m in e ra ls , favour th e  p ro p o s itio n  th a t  th e  leach  d is s o lu t io n  r e a c t io n  is  
e lec tro ch em ica l in  n a tu re . However, every g en e ra l c a tego ry  of 
r a te - c o n t r o l l in g  mechanism has been proposed. The ty p e  of 
ra te - c o n t r o l l in g  s te p  appears to  be dependant on th e  com position o f th e  
p a r t i c u l a r  s p h a le r i te .
1 .1 .2  K inetics of th e  fe r ro u s  Ion oxidation  reac tion  In su lp h a te  media.
Huffman and Davidson (1956) proposed t h a t  th e  o v e ra l l  re a c tio n :
4Fe2*  + 02 + 4H+ ■* 4 ie 3+ + 2H20 1.14
proceeds by sim ultaneous b im o leeu lar and tr im o le c u la r  re a c tio n  pa th s  
d e sc r ib e d  byt
- d lFeC ny . ■ ^ [F iC ID lp to g ) + kEIP «(II)]2p(02) 1.15
where and a re  th e  re a c tio n  ro te  co n s ta n ts  fo r  th e  b im o leeu lar and 
t r im o le c u la r  r e a c t io n s .  They observed th a t  th e  r a t e  decreases  w ith  in -
-  ik .
c re a s in g  hydrogen ion  co n c e n tra tio n , but made no a ttem p t to  in c o rp o ra te  
t h i s  in  th e i r  r a t e  eq u a tio n . M ention i s  a lso  made o f th e  c a t a ly t i c  e f f e c t  
o f th e  Cu^+ ion .
Using a gas l i f t  p e rc o la to r  fo r  t h e i r  experim en tal work, Mathews and 
Robins (1972) proposed a r a te  eq u a tion  o f  th e  form:
- d[F»(111)1 = kQ [ F e ( I I ) ] 1 ,8 4 (02l /[H 1"!0' 25 expC-ys.S/RT) 1.16
where kQ i s  th e  o v e ra l l  re a c tio n  r a t e  c o n s ta n t. The p resence  o f Cu2+ was 
found to  in c re a se  th e  r a t e  o f o x id a tio n  w h ile  th e  a f f e c t  o f N i, Zn, Co, 
Kg, C l, Mo, Nk£ ,  t o ,  C r, and Na a t  a co n c e n tra tio n  o f 0 .001 M in  0 .2  M 
Fe(lX ) was found to  be n e g l ig ib le .  The c o n c e n tra tio n  o f F e ( I I I )  was 
measured sp e c tro p h o tc m e tr ic a lly  and th e  H* co n cen tra tio n  was e stim ated  
from pH measurements a t  ambient tem p era tu re . They determ ined th e  oxygen 
c o n c e n tra tio n  from:
" V  -  -  V .  :  "
where and kQ a re  th e  r a t e  c o n s ta n ts  fo r  th e  oxygen d is s o lu t io n  re a c tio n  
and th e  fe rro u s  o x id a tio n  re a c tio n  r e s p e c t iv e ly .  The r a t e  co n s tan t k 
was measured w ith o u t any iro n  in  s o lu t io n  a t  th e  c o r re c t  pH and tem per­
a tu re  by m easuring th e  d is so lv e d  oxygon c o n c e n tra tio n  u sing  an oxygen 
e le c tro d e .  No c o r re c tio n  was made fo r  th e  reduced s o lu b i l i t y  o f  th e  oxygon 
as a r e s u l t  o f th e  o th e r  so lu te s  p re s e n t.  Subsequent experim ents were 
made a t  a s u f f ic ie n t ly  h igh  gas f lo w ra te  so th a t  i t  would n o t a f f e c t  th e  
v a lu e  o f  k^.
N icol (1975) confirm ed th e  r e s u l t r  o f Mathews and Robins (1972) in  term s 
o f th e  dependence o f  th e  s a te  on fe r ro u s  ion  and oxygen p a r t i a l  p re s s u re ,  
bu t mode no a ttem pt to  q u a n tify  th e  ro le  o f th o  hydrogen io n . He con­
s id e re d  th e  e f f e c t  o f t o t a l  c o n cen tra tio n  o f  d isso lv ed  e l e c t r o ly te ,  and 
o p era ted  h is  experim ents a t  a gas flo w ra te  s u f f i c i e n t ly  la rg e  to  allow  
th e  co n cen tra tio n  o f d isso lv ed  oxygen to  approach th e  s a tu ra t io n  concen­
t r a t i o n  a t  th a t  tem pera tu re  and oxygen p a r t i a l  p re s su re . The s a tu ra t io n  
co n cen tra tio n  o f  d isso lv ed  oxygen experiences a 's a l t i n g  o u t ' e f f e c t ,  in  
which th e  s o lu b i l i t y  o f  oxygen decreases  e x p o n e n tia lly  w ith  in c re a s in g  
e le c t r o ly te  c o n c e n tra tio n . N icol found th a t  th e  second o rd e r r a t e  con­
s t a n t ,  k , given by;
d[F e (H I ) )  = k fF eC II)]2 1.16
d t
was d esc rib ed  by th e  em p irica l f i t :
k = 0,0476 p (0 2)exp(-0,0056Ce ) 1.19
where i s  th e  t o t a l  co n cen tra tio n  o f d isso lv e d  e le c t r o ly te  (g  1 
He a ls o  d id a number of experim ents a t  a low gas flow raue where th e  
m a ss - tra n s fe r  o f oxygen to  th e  s o lu t io n  i s  th e  c o n tro l l in g  mechanism.
He determ ined th e  m a ss- tra n sfe r  c o e f f ic ie n t ,  and d iscu ssed  th e  e f f e c t  o f 
tem pera tu re  and t o t a l  co n cen tra tio n  o f d isso lv e d  e le c t r o ly te  on i t .
Iw ai, Majima, and Awakwa (1962) s tu d ie d  th e  o x id a tio n  o f  F e ( I I )  w ith  
d isso lv e d  m olecu lar oxygen in  su lp h u ric  ac id  so lu tio n s  u s in g  a g la s s  
au to c lav e . They, to o , suggest th a t  th e  re a c t io n  occurs in  two pa th s  a c ­
co rd ing  to :
- d (F e ( I I ) ]  = ! 0 !Fe2t l 2 p (0 2)« tp (-3 1 ,6 /K r)  
d t
t  A1|S062" ] |P , 2'I' ] 2p (0;!) exp(" 146,0/RT) 1.20
where and ^  re p re se n t th e  r e a c t io n  r a t e  c o n s ta n ts  o f th e  two re a c t io n  
p a th s . Thiy accounted fo r  th e  fo llow ing  sp e c ie s  in  so lu tio n : FaSO^,
FeHSO^, HSO^, T h e ir work seemed to  in d ic a te  t h a t  th e  ro le  o f th e  hy­
drogen ion i s  c o n tra d ic to ry  and made no a ttem pt in  t h e i r  fo rm ula tion  of 
th e  r a te  equa tion  to  q u a n tify  i t .  In s te a d , th ey  a t t r i b u t e d  th i s  behaviour 
appa ren tly  due to  th e  hydrogen io n , t o  th e  su lp h a te  ion  and inc luded  th a t  
in  t h e i r  r a t e  eq u a tio n . They observed a d e v ia tio n  from second o rder 
k in e t ic s  fo r  F e ( I I )  in  some runs and a t t r ib u te d  t h i s  to  th e  su lp h a te  ion
Chmielewski and Charevica (1964) p re sen ted  second o rd e r  k in e t ic s  w ith  
re sp e c t to  F e ( I I )  co n cen tra tio n  and f i r s t  o rd e r k in e t ic s  w ith  re sp e c t to  
oxygen p a r t i a l  p re ssu re  w ith  an a c t iv a t io n  energy o f 56 ,9  kJ/m oleK, p ro ­
v ided  th e  fe rro u s  ion  concen tra tion , d id  n o t exceed 3-6 g /1 . They observed 
a  d ev ia tio n  from second o rd e r k in e t ic s  a t  h ig h e r conversions and proposed 
th a t  under th o se  co n d itio n s  th e  re a c t io n  k in e t ic s  a re  f i r s t  o rder w ith  
r e s p e c t to  th e  fe rro u s  ion  co n c e n tra tio n . S ince only th e  h ig h e r fe rro u s 
ion  c o n c e n tra tio n  reg io n  was of te c h n o lo g ic a l im portance t o  them, they  
d id  n o t q u a n tify  th e  low F e ( I I )  c o n c e n tra tio n  k in e t ic s .
‘"he k in e t ic s  o f  th e  fe rro u s  ion  o x id a tio n  re a c tio n  shows some discrepancy  
between th e  p ro p o sa ls  o f th e  v a r io u s  r e s e a rc h e rs .  However, th e  consensus 
appears to  be t h a t  th e  r a t e  i s  second o rd e r  in  fe rro u s  ion  co n cen tra tio n , 
a t  l e a s t  in  th e  i n i t i a l  s ta g e s  o f  th e  re a c t io n ,  and f i r s t  o rd e r  in  oxygen 
co n c e n tra tio n . The r a t e  i s  in v e rse ly  p ro p o r tio n a l to  a power o f th e  hy­
drogen ion co n cen tra tio n .
1 .2  P u rpose  and  scope of th is  s tu d y .
The review  o f th e  l i t e r a t u r e  in d ic a te s  th a t  th e  s p h a le r i te  d is so lu tio n  
re a c tio n  may be c o n tro lle d  by many d i f f e r e n t  mechanisms. However, the
p ro p o s itio n  th a t  th e  r e a c t io n  i s  e le c tro c h e m ic a l in  n a tu re  cannot be 
te s te d  d i r e c t ly  by making a s p h a le r i te  e le c tro d e  and m easuring th e  
e lec tro ch em ica l c u rre n t s in c e  th e  r e s i s t i v i t y  o f s p h a le r i te  i s  so h igh  
th a t  very l i t t l e  c u r re n t flow s, and th e  p o te n t ia l  d if fe re n c e  across th e  
s p h a le r i te  e le c tro d e  swamps th e  a p p lied  p o te n t ia l  d if fe re n c e  (S c o tt and 
N ieo l, 1978), A r a te  eq u a tion  d esc r ib in g  th e  leach in g  o f s p h a le r i te  by
f e r r i c  ion in c o rp o ra tin g  e lec tro ch em ica l k in e t ic s  h a s , as y e t ,  n o t been
proposed and t e s te d ,  i t  vs th e  purpose of t h i s  s tudy  to  do so.
The aims o f th e  p re se n t stu d y  a re :
( i )  t o  d e sc r ib e  th e  k in e t ic s  o f  two n a tu ra l  s p h a le r i te s  leach ing  
under co n d itio n s  o f  o x id a tio n  by f e r r i c  ion  in  th e  absence o f 
oxygen by a fundam ental model based  on an e lec tro ch em ica l 
mechanism, and to  t e s t  t h i s  model fo r  experim ental da ta  
rep o rted  in  th e  l i t e r a t u r e ,  and o b ta ined  in  t h i s  study ;
( i i )  to  d e sc r ib e  th e  o v e ra l l  k in e t ic s  o f th e  fe rro u s  ion o x id a tio n
re a c t io n  by d isso lv e d  oxygen as second o rd e r  in  F e ( I I )  and
f i r s t  o rd e r in  oxygen c o n c e n tra tio n  and dependant on a power 
o f th e  hydrogen ion  c o n c e n tra tio n , and to  f i t  t h i s  model to  
d a ta  o b ta ined  in  t h i s  stu d y ;
( i i i ) t o  model th e  k in e t ic s  o f s p h a le r i te  d is s o lu t io n  in  th e  presence 
o f d isso lv ed  oxygen in  a c id ic  f e r r i c  su lp h a te  media as th e  
sim ultaneous s o lu t io n  o f th e  k in e t ic  eq ua tions fo r  ( i )  and ( i i )  
above, and to  t e s t  t h i s  model fo r  experim en tal da ta  rep o rted  
in  th e  l i t e r a t u r e ,  and o b ta ined  in  t h i s  stu d y .
The p ro p o s itio n s  o f  t h i s  s tudy  a re  t h a t  leach in g  occu rrin g  w ith in  th e  
scope o f t h i s  work occurs p r im a r ily  by an e lec tro ch em ica l o x id a tiv e  a t ­
ta c k ,  and th a t  th e  ro le  o f th e  oxygen re a c tio n  i s  to  o x id is e  th e  fe rro u s  
ion in  s o lu tio n .
The p re se n t s tudy  i s  r e s t r i c t e d  t o  th e  reg io n  where:
( i )  The leach in g  o f s p h a le r i te  i s  con fined  to  ac id  co n cen tra tio n s 
where l i t t l e  o r no H^S i s  formed, th a t  i s ,  where leach ing  
occurs by d i r e c t  o x id a tio n , g e n e ra lly  below co n cen tra tio n s  o f 
0,25 M H2S04 ( r e f e r  to  N icol and S c o tt ,  1978
and Verbaan, 1977).
( i i )  F e r r ic  ion  i s  s ta b le  in  a c id ic  su lp h a te  so lu tio n s  a t  pH values 
below 2. S ince th e  stu d y  i s  concerned w ith  leach in g  due to  
f e r r i c  io n , th e  a c ’d co n cen tra tio n s  must remain in  t h i s  reg io n , 
to  p rev en t p re c ip i ta t io n  o f f e r r i c  io n s . (R efer t o  McAndrew, 
Wang, and Brown, 1975).
( i i i )  The fe rro u s  ion  o x id a tio n  re a c t io n  i s  confined  to  reg io n  where 
th e  oxygen p a r t i a l  p re ssu re  i s  below 500 kPa gauge,
( iv )  and th e  s t i r r e r  speed i s  such th a t  th e  m a ss - tra n s fe r  o f oxygen 
from th e  gaseous phase to  th e  aqueous phase i s  r a p id ,  and n o t 
ra te - l im i t in g .
2 . THEORETICAL ANALYSIS AND MODELLING.
The work o f Jan , Hepworth and Fox (1976) In d ic a te s  th a t  th e  ro le  o f  oxygen 
in  th e  p re s su re  leach ing  o f s p h a le r i te  in  f e r r i c  su lp h a te  media i s  to  
o x id ise  th e  fe r ro u s  sp e c ie s  in  so lu t io n ,  and t h a t  oxygen does n o t con­
t r i b u t e  to  th e  d is s o lu t io n  re a c t io n  occu rrin g  a t  th e  m inera l su rfa c e . 
Wadsworth (1972) re p o r ts  th a t  a t  th e  m inera l su r fa c e , in  th e  absence o f 
any iro n  s p e c ie s , th e  oxygen re a c ts  to  form in te rm e d ia te s , such as 
and HOg, in  a s e r ie s  o f  s in g le  e le c tro n  charge t r a n s f e r  p ro c e s se s , r e ­
s u l t in g  in  a r e l a t i v e ly  slow d ischarge  o f oxygen due to  th e  s tre n g th  o f 
th e  oxygen-oxygen double bond. T h erefo re , even though th e  p resence  of 
oxygen may a c t as an ox idan t in  ad d itio n  to  th e  e f f e c t  o f f e r r i c  io n , th e  
p a r t i a l  c u r re n t due t o  t h i s  re a c tio n  i s  l ik e ly  t o  be sm all s in ce  th e  r a te
o f t h i s  re a c tio n  i s  slow , and can be n e g le c te d .
Assuming th a t  th e  leach  re a c tio n  and th e  fe rro u s  o x id a tio n  re a c t io n  occur 
independen tly  o f  one an o th e r, th e  o x id a tiv e  leach  in  th e  p resence o f ox­
ygen can  be m odelled as th e  sim ultaneous s o lu t io n  o f th e  two r a te
eq u a tio n s d e sc r ib in g  each se p a ra te  re a c tio n .
2 .1  M odelling of th e  sp h a le r ite  leach I,ig k in e tic s .
The leach in g  o f a  s in g le  s p h a le r i te  p a r t i c l e  occurs a t  th e  p a n i c l e  s u r ­
fa c e , p roducing a porous su lphu r lay e r as th e  re a c tio n  proceeds. This 
'sh r in k in g  c o re ' p rocess  ( r e f e r  t o  L evensp ie l, 1971) i s  rep re sen ted  by:
where m = amount o f le ach ab le  m etal rem aining in  th e  co re  (m ol); 
a = p a r t i c l e  su rfa c e  a rea  a v a ila b le  fo r  leach ing  (mz );
* = fa c to r  depending on th e  co n d itio n s w ith in  th e  s o lu t io n  ( - ) ;
K » r a t e  co n s tan t (mol/m1m in),
The e s s e n c ia l  p a r t  o f th e  fo rm ula tion  o f th e  model d e sc r ib in g  th e  d is ­
so lu t io n  i s  con ta ined  in  determ in ing  th e  way in  which th e  a rea  changes 
du ring  d is s o lu t io n  and th e  e f f e c t s  th a t  c o n s t i tu te  th e  s o lu t io n  cond i­
t io n s  f a c to r ,  <f>. The s o lu t io n  co n d itio n s fa c to r  i s  determ ined by th e  
e lec tro ch em ica l model, and th e  e f f e c t  o f a rea  changes i s  d e sc rib ed  by th e  
sh r in k in g  co re  model.
2 .1 .1  E lectrochem ical model.
The d is s o lu t io n  of a p a r t i c l e  by e lec tro ch em ica l a tta c k  i s  de sc rib ed  in  
a  way th a t  i s  analogous t o  th e  e lec tro ch em ica l co rro s io n  mechanism. Tvo 
p a r t i a l  re a c tio n s  occur a t  se p a ra te  l o c a l i t i e s  on th e  s u rfa c e  o f th e  
p a r t i c l e :  an anodic re a c tio n  su p p lie s  e le c tro n s  by D -» A + e , and a 
c a th o d ic  re a c tio n  consumes e le c tro n s  by A + e -» D. In  co rro s io n  and 
leach in g  th e  anodic r e a c t io n  would be th e  d is s o lu t io n  re a c t io n  and th e  
ca th o d ic  re a c tio n  would be a re a c t io n  in  which an ox idan t in  th e  so lu tio n  
would consume th e  e le c tro n s  su p p lied  by th e  d i s s o lu t io n .  S ince th e re  
cannot be any n e t c u r re n t flow ing , as th e  p a r t i c l e  i s  a c lo sed  su rfa c e , 
th e  c u rre n t produced and consumed by both  p a r t i a l  re a c tio n s  o u s t be th e  
same. The Butler-V olm er eq u a tion  d e sc r ib e s  th e  e lec tro ch em ica l k in e t ic s  
in  term s o f th e  anodic  c u r re n t d e n s ity , i^  and th e  c a th o d ic  c u rre n t den­
s i t y ,  ig . R efer to  B ockris and Reddy (1970) fo r  a thorough trea tm en t of 
e lec tro ch em ica l phenomena. For th e  anodic re a c tio n  th e  c u r re n t d e n s ity
i A » ?kA[D] exp((l-B)&0?/RT)
and fo r  th e  ca th o d ic  re a c t io n  th i s  i s :
i c » ?kc [A+] exp(-SA*?/RT) 2 .3
where g = symmetry f a c to r  ( - ) ;
6# s  p o te n t ia l  d if fe re n c e  acro ss  th e  Helmholtz p lan e  a t  th e  m ineral 
su rfa c e  (V);
[D) = c o n c e n tra tio n  o r a c t i v i t y  o f sp e c ie s  D (m o l/1 );
? - F a rad ay 's  co n s tan t (J/V mol); 
k  = r a t e  co n stan t;
T = tem pera tu re  ( 6K);
R = gas co n s tan t (J/°K  mol).
The s u b sc r ip ts  A and C r e f e r  to  th e  anodic and ca th o d ic  p a r t i a l  re a c tio n s  
r e s p e c t iv e ly ,  th e  p o t e n t i a l , M , i s  th e  d if fe re n c e  between th e  e le c t r i c a l  
p o te n t ia l  o f th e  s o lu tio n ,  f ( S ) , and th a t  o f th e  m ineral su r fa c e , d(K), 
where S and M re p re se n t th e  so lu tio n  and m ineral re s p e c tiv e ly .  To measure 
t h i s  another c e l l  has to  be in  s e r ie s  w ith  t h i s ,  and th e  measured p o ten ­
t i a l  d if fe re n c e  w ith  r e s p e c t t c  t h i s  re fe re n c e  c e l l  i s  denoted E.
P au l, N ico l, D iggle  and Saunders (1977) s tu d ie d  th e  e lec trochem ica l 
behaviour o f th e  d is s o lu t io n  o i galena (PbS), and derived  an 
e lec trochem ica l model based on th i s  mechanism which s u c c e s s fu lly  p re ­
d ic te d  t h e i r  r e s u l t s :
R epresen ting  th e  m etal su lp h id e  as MS, t h i s  k in e t ic  model can be re p re s ­
en ted  as:
Applying th e  approxim ation th a t  th e  r a t e  o f  form ation  o f th e  low concen­
t r a t i o n  in te rm e d ia te , 'S i s  equal to  th e  r a t e  o f consumption, then :
where A re p re s e n ts  anodic and C c a th o d ic , and 1 rep re se n ts  r e a c t io n  1, 
and 2 re a c t io n  2. W riting  th e  Butler-V olm er equa tion  fo r  each o f th e se  
p a r t i a l  e le c tro d e  r e a c tio n s :
0 =  k ]A [M S ]e x p ( ( l- e ,) 4 # ? /R T )  -  k l c [M2+} [ S ' ]e% p(-G ,A *?/R T ) -
k 2A[S*) e x p ( ( l - B 2)A *?/R T) 2 .6
The s u b s c r ip ts  o f  th e  symmetry fa c to r s  r e f e r  to  re a c tio n s  1 and 2, th a t  
i s ,  eq ua tions 2 .4  a and b.
The o v e ra l l  anodic  c u r re n t i s  i A * 2 i2A, th a t  i s ,
i A -- 2k2A? [S ‘ ] exp((l-6s)A #?/R T) 2.7
E lim in a tin g  [S ] from eq uations 2 .6  and 2 .7  g ives:
i A ■ 2?k^Ak2A ex p ((2 -G ,-p2) A»?/RT)/Z i  2 ,6
where £ i  =  k 10IM2',,)iixp(-6,6»?/R T) + k 2Aoxp((l-£ i1)A*?/RT)
Assuming t h a t  th e  p o te n t ia l  f o r  re a c tio n  1 i s  la rg e  r e l a t i v e  t o  th e  
eq u ilib riu m  p o te n t i a l ,  so  th a t  th e  f i r s t  term  o f th e  denom inator o f i A 
i s  sm a ll, th e  anodic  d is s o lu t io n  c u r re n t reduces to :
i A = 2 fk 1Aexp((l-G ,)A #f/R T)
F or th e  f e r r o u s - f e r r ic  couple ,
th e  c u r re n t i s  given  by:
*»•“ -f ig g lF ^ lu tp C -lu M f/lT ) 1.11
where B n  re p re s e n ts  th e  symmetry f a c to r  fo r  th e  anodic re a c tio n  o f 
eq u a tion  2 .1 0 , and B n  th e  ca th o d ic  r e a c tio n .
S ince no n e t c u r re n t flows d u ring  leach in g ,
R e-arrang ing  and s im p lify in g , th e  fo llow ing  ex p ressio n  i s  o b ta in ed :
N ico ls N eedles end F in k e ls te in  (1975) showed th a t  th e  ro le  o f th e  iro n  
couple  can be d iv id ed  in to  3 reg io n s :
( i )  The p a r t i a l  anodic c u r re n t due to  th e  o x id a tio n  o f 
Pe2+ i s  n e g l ig ib le .
( i i )  The p a r t i a l  anodic c u rre n ts  due to  th e  o x id a tio n  of 
Fe^+ and 2nS a re  s ig n i f ic a n t ,
( i i i )T h e  p a r t i a l  anodic cu rre n t due to  th e  o x id a tio n  o f 
ZnS i s  n e g l ig ib le  compared w ith  th a t  due to  th e  
o x id a tio n  o f  Fe^+ .
0 = ZkyexpC C l-C .W f/K T ) + kM [F«2'l'l  ex p C d -S , ,)1W R T )
- k3C[Fo3l'j oxp((-6, : )i#r/m)
The equa tions d esc r ib in g  th e se  3 cases a re  d eriv ed  by so lv in g  equa tion  
2 .13  fo r  exp(A#/RT) and s u b s t i tu t in g  th i s  in  equa tion  2 .9 . They a re  as 
fo llow s:
Case ( / )
it  - r (a16)« (k3C (F„3*,)8 2.u
where o »  6 i i / ( l - P i+ B n )  and 6 = ( l» B ,) / ( l -8 ;+ & ,:)
Case (II)
‘i  "  2 ,k u  » 3 c lFeM i / ( » ! »  + k, Ai r« 2+» ) 0 ' 5
c ase (^ j')  assumes th a t  th e  6 v a lu es  a re  equal.
Case (Hi)
1 ,  ■ 2?k14 ( t 3 c [F l 3'l'] /k M |F e2'1' ] ) 1 2 .16
where 6 «  ( 1 -& |) / (1 '$ ;
These th ro e  cases can be exp ressed  in  te e  g e n e ra lis e d  form:
i A -  2 rku (k3(,tF e3’l' ] / (  2ku  4  k3A[F«24] ) ) 6 2.17
where 6 « a param eter dependant on th e  symmetry f a c to r s .
An eq u iv a len t s ta tem en t to  th a t  o f eq ua tion  2 .1 2 , th a t  i s ,  th a t  th e  n e t 
c u r re n t d e n s ity  i s  z e ro , i s  th a t  th e  re a c tio n  occurs a t  th e  mixed p o ten ­
t i a l ,  A*m, th a t  s a t i s f i e s  th e  thermodynamic eq u ilib riu m  co n d itio n s  which
occur when th e  c u r re n t d e n s ity  i s  ze ro . The o v e ra l l  d is s o lu t io n  ra c c tio n  
is -
ZnS + ZFe3* * Zn2+ + S° + 2Fe2+ 2.16
and th e  mixed p o te n t i a l ,  A*_ i s :
A#m « A*6 + RT/2? In  ( a c t i v i t y  r a t i o )  2.19
a c t iv i t y  r a t i o  =  [ a(Fe3+) t  a(ZnS)/ [ a(Fe2+) 1a(2n2'i')  a(S °) ]]
where a(X) “  a c t i v i t y  o f sp ec ie s  X
A*® “  s tan d a rd  p o te n t ia l  fo r  re a c t io n  2 . 18.
The s tan d a rd  p o te n t ia l  i s  th a t  when th e  a c t i v i t i e s  a re  u n i ty .  S ince ZnS 
and S° a re  s o l id s  t h e i r  a c t i v i t i e s  a re  u n ity :
+ RT/2f In  [ a(F e3+)* /  [ aCFe2+) 1a(2n2+) ]] 2 .20
Case ( i )  co n d itio n s  a re  d esc rib ed  when a(F e2+) i s  c lo se  to  u n i ty ,  and case
( i i i )  co n d itio n s  occur when a(2n2+) i s  c lo se  to  u n i ty .  T h erefo re , i f  th e  
a c t i v i t i e s  o f th e  v a r io u s  sp ec ie s  could  be a c c u ra te ly  p re d ic te d ,  then  th i s  
p r e d ic t io n  o f th e  mixed p o te n t ia l  could be s u b s t i tu te d  d i r e c t l y  in to  
eq u a tion  2 .9  ( th e  m inera l s u rfa c e  p o te n t ia l  i s  th e  mixed p o t e n t i a l ) , to  
d e sc r ib e  th e  leach  k in e t ic s .  S ince A*e cannot be determ ined on i t s  own, 
bu t on ly  w ith  re sp e c t to  ano ther c e l l ,  norm ally  th e  s tan d a rd  hydrogen 
elc ic trode , th e  p o te n t ia l  th a t  i s  s u b s t i tu te d  in to  equa tion  2 .9  i s :
£ „ « £ •  + RT/25 In  I a ; s . 3+5* /  |  a(Se2'i' ) , eU n a'1')  j )  2.21
where En) i s  th e  mixed p o te n t ia l  w ith  re fe re n c e  to  th e  s tan d a rd  hydrogen 
e le c tro d e .  E® i s  th e  s tan d ard  p o te n t ia l  f o r  eq ua tion  2.19 and can be 
c a lc u la te d  from th e  s tan d a rd  Gibbs t r e e  energy fo r  th e  re a c t io n .  I t  has 
a v a lu e  o f 0,5061 V, c a lc u la te d  from th e  v a lu es  given  by Latim er (1952).
Dr> 0.986) leached low -grade matces in  a c id ic  f e r r i c  su lp h a te  media, and 
observed th a t  th e  redox p o te n t ia l  measured w ith  a p la tinum  e le c tro d e  
fo llow ed th e  e x ten t o f  r e a c tio n ,  and when used as an approxim ation fo r  
th e  s u rfa c e  p o te n t ia l  d if fe re n c e ,  64, s u c c e s s fu lly  p re d ic te d  h is  leach in g  
r e s u l t s .  Approximating A* in  equa tion  2 .9  by th e  redox p o te n t i a l ,  Eh, 
g iven  by:
Eh * E" + RT/f In  [ a(F e3+;i/a(Fe2+) ] 2.22
where a(Fe24") and a(Fe^+) a re  th e  a c t i v i t i e s  o f th e  fe rro u s  and f e r r i c  
ion  s p e c ie s  r e s p e c t iv e ly ,  and £ e i s  th e  s tan d a rd  p o te n t ia l  vs S .fl.E . fo r  
th e  f e r r o u s - f e r r ic  h a l f  re a c t io n  (th e  s tan d a rd  s t a t e  i s  th a t  when th e  
a c t i v i t i e s  a re  u n i ty ) .  The v a lu e  o f Ee g iven  by Yeager and Sclk ind  (1972) 
i s  0 ,771 + 0 ,00119(7-298).
This i s  e s s e n t ia l ly  th e  same as case  ( i i i )  co n d itio n s , th a t  i s ,  assuming 
th a t  th e  p a r t i a l  anodic  c u r re n t duo to  leach in g  i s  n e g l ig ib le  compared 
to  th a t  o f th e  o x id a tio n  o f th e  fe rro u s  io n . The a c t i v i t i e s  o f th e  
fe r ro u s  and f e r r i c  sp e c ie s  in  s o lu t io n  a re  a f fe c te d  by th e  p resence of 
any fe rro u s  o r f e r r i c  su lp h a te  complexes formed. F e r r ic  ion i s  s ta b le  in  
aqueous su lp h a te  so lu t io n s  w ith  pH v a lues  below approxim ately 2 ; in  t h i s  
reg io n  th e  fo llow ing  e q u i l ib r ia  in v o lv ing  fe rro u s  and f e r r i c  ion  are  
s ig n i f ic a n t :
Fe3+ + H+ + 2Sq2 ' ■ FeHS04S04
Fe34" * H+ + < = FeHSO**
Fb3-1- + H+ + = Fe(S0A)*
F»3+ + B0j‘ = FoSoJ
,+ i  HS0"
Fe2+ + So£’ = FeS04 2.23  f
Fe2*  4 H+ + < «  FeHSO* 2.23 g
The p resence o f z in c  in  s o lu t io n  adds th e  equ ilib riu m :
Zn24 4- SoJ" *  ZnS04 2.23 h
These complexes a re  be d esc rib ed  by -he t o t a l  co n cen tra tio n s  o f th e  f o l ­
lowing components Fe3+, Fe2+, H+ , SO2 , and Zn2"1" and th e  eq u ilib riu m  
c o n s ta n ts . R efer t o  Appendix k fo r  th e  eq u ilib riu m  c o n s ta n ts . The t o t a l  
co n cen tra tio n  o f each component must rem ain con stan t a t  e q u ilib r iu m , and 
a mass b a lance  i s  w r i t te n  fo r  each o f  th e  components. The co n cen tra tio n s  
o f th e  complexes a re  expressed  in  te rn s  o f th e  co n cen tra tio n s  o f th e  
components, th e  eq u ilib riu m  c o n s ta n ts  and th e  a c t i v i t y  c o e f f ic ie n ts .  The 
a c t iv i t y  c o e f f ic ie n ts  a re  ev a lua ted  by thi, Debye-Huckel eq ua tion  (Kortum, 
1965). This r e s u l t s  in  f iv e  sim ultaneous n o n -lin e a r  equa tions in  f iv e  
v a r ia b le s ,  th e  co n cen tra tio n s  o f th e  f iv e  components. These equations 
a re  so lved  using  a i t e r a t i v e  Newton-Raphson tech n iq u e . Tlug-Po and 
N areo llas  (1972) d isc u ss  a q u a d ra tic  search  in  th e  d ir e c t io n  given  by th e  
Newton-Raphson so lu tio n  a t  each i t e r a t i o n  t h a t  speeds convergence.
The subprogram EQUIL has been w r i t te n  in  FORTRAN 77 to  perform  t h i s  c a l ­
c u la tio n ,  and i s  l i s t e d  in  Appendix K. F igu re  2 .1  rep re se n ts  th e  p re ­
d ic te d  and c a lc u la te d  redox p o te n t ia l s  p lo t te d  a g a in s t th e  log  o f th e  
r a t i o  o f  th e  f e r r i c  ion a c t iv i t y  to  th e  fe r ro u s  ion  a c t iv i t y .  The measured 
v a lues  a re  th e  p o in ts  on th e  graph and a re  from Dry (1984), and th e  l in e  
rep re se n ts  th e  c a lc u la te d  v a lues  from th e  subprogram EQUiL. The liq u id  
ju n c tio n  p o te n t ia l  has been  accounted fo r  by th e  Henderson equa tion  
(Kortum, 1965) in  th e  subprogram EQUIL. There i s  good agreement between 
th e  measured and th e  c a lc u la te d  v a lu e s , and th e  v a lues  c a lc u la te d  from 
t h i s  subprogram a re  s u b s t i tu te d  fo r  th e  redox p o te n t ia l  w ith  a h ig h  degree 
o f  confidence.
'X . .
F ig u re  2-1 C a lcu la tio n  o f redox p o te n t i a l .  Data p o in ts  measured
by Dry (1.98A) and l in e s  re p re se n t th e  c a lc u la tio n s  o f th e  
subprogram EQUIL to  p r e d ic t  Eh. A c tiv ity  r a t i o  i s  th e  r a t i o  
of a c t i v i t i e s  o f  f e r r i c  to  fe r ro u s  ion .
T his p re d ic t io n  o f th e  th e  redox p o te n t ia l  o f th e  s o lu tio n ,  Eh, i s  sub­
s t i t u t e d  fo r  A# in  equation  2 .9 , and s in c e  th e  r a te  o f r e a c t io n  i s  ex­
p re ssed  in  term s of F a rad ay 's  law , th a t  i s ,
. . .  i s . f i
a d t 2?
■ -K exp((l-B ] )Eh?/RT) 2.25
i s  used to  s im u la te  th e  leach in g  r e s u l t s .  Note th a t  K and a re  id en ­
t i c a l  in  t h i s  case .
2 .1 .2  S h rin k in g  co re  behav iou r
The e f f e c t  o f th e  change in  a rea  o f th e  p a r t i c l e  i s  m odelled by th e  
sh r in k in g  co re  model ( r e f e r  to  Loveday, 1975). By d e f in in g  th e  ch a rac ­
t e r i s t i c  p a r t i c l e  s i z e ,  1 , a s : I 1 - volume o f  th e  p a r t i c l e ,  th e  s-irfa c e
a re a , a ,  in  term s o f  th e  i ape f a c to r ,  7 , as : a = Yl2 , and th e  molar
d e n s ity  as : a ig /lo 1 = m/1* where m0 and 1, a re  th e  values o f m and 1
a t  th e  beg inn ing  of th e  leach , th a t  i s ,  a t  t= 0 , and rea rran g in g  an ex­
p re s s io n  fo r  a , as shown in  Appendix B, i s  ob ta ined :
« »  r  »2 /3 ( l , ’ /">.) 2 /3 2.26
The sh r in k in g  core model can be exp ressed  as;
™  = -  K r  m2 /3  ( I , 1/  m .)  2 /3  * 2 .2 7
w ith  th e  boundary co n d itio n  th a t  m = m, and * = * , a t  t  = 0
Now, d e f in in g  H, and F e as th e  tc - .a l  i n i t i a l  number o f moles o f leach ab le  
z in c  in  a l l  th e  p a r t ic le s  i n  th e  leach  and th e  t o t a l  i n i t i a l  mass o f a l l  
th e  p a r t i c l e s  re s p e c t iv e ly ,  and M and F as th e  corresponding  v a lues  a t  
any subsequent tim e t ,  i t  can be shown th a t :
~  =  K r  F „ / ( p l 6)(M /M ,)2 /3  »  2 .2 6
where p i s  th e  mass d e n s ity . R efer to  Appendix B fo r  th e  d e r iv a tio n  of 
t h i s  eq u a tio n . I f  th e  p a r t ic le s  a re  n o t a l l  o f th e  same s iz e  b u t have a 
s iz e  d i s t r ib u t io n  o f f ( 1 , ) ,  then  th e  t o t a l  amount o f le ach ab le  z in c  r e ­
maining in  th e  core  i s  given by:
where 1 . and 1 „ a re  th e  minimum and maximum p a r t i c l e  s iz e s .  I f  th e  mm max
amount o f  leachob le  m a te r ia l  i s  dependant on th e  p a r t i c l e  s iz e  d i s t r i b ­
u t io n ,  th en :
I  »  £  I M(l0 l) 2 .30
d t  d t
where M(l*^) re p re se n ts  th e  amount o f leach ab le  m a te r ia l  in  s iz e  c la s s  
l e^. This re p re se n ts  i  equa tions fo r  i  c la s s  f r a c t io n s  and a re  so lved  
s im u ltan eo u sly .
2 .1 .3  Electrochem ical sh r in k in g  c o re  model
Combining equa tion  2.25 and eq u a tion  2 .29 , and re a rra n g in g , th e  equa tion  
d e sc r ib in g  th e  process  i s :
P , 1 <H/M,)2 /3  / ( p i , )  ♦ £ (1 .)  d l ,  2 .31  a
The s o lu t io n  co n d itio n s  f a c to r ,  can be rep re sen ted  in  term s o f th e  
c a lc u la te d  redox p o te n t ia l ,  Eh, as fo llow s:
* = e x p ( ( l-B ,)  EhJ/RT)
The s o lu tio n  redox p o te n t ia l  depends on th e  t o t a 1 co n cen tra tio n s  o f  th e  
iro n  sp ec ie s  and z in c  sp ec ie s  in  so lu tio n  f-.u r'.iese a re  dependant on th e  
e x ten t o f re a c t io n .  This means th a t  Eh i s  a .u n ctio n  o f M on ly , th a t  i s ,  
Eh = Eh(M). The e lec tro ch em ica l sh rin k in g  core model is  a n o n - lin e a r  o r ­
d in a ry  d i f f e r e n t i a l  equa tion  in  one independent v a r ia b le ,  t ,  th e  tim e 
s in c e  leach in g  commenced, and can only be so lved  by num erical te c h n iq u e s ,
I t  i s  assumed th a t  th e  o th e r  su lp h id e  s p e c ie s , no tab ly  FeS, r e a c t  a t  th e  
same r a t e  as th e  ZnS, b u t in  p ro p o rtio n  to  th e  amount o f non -zinc 
su lp h id ic  m a te r ia l  p re se n t ( r e f e r  t o  Appendix B), I t  i s  a lso  assumed th a t  
th e  ZnO la y e r  t h a t  may be p re se n t around th e  p a r t i c l e  re a c ts  alm ost i n ­
s ta n ta n e o u s ly  w ith  th e  ac id  in  s o lu tio n ,  and th i s  i s  shown ex p erim en ta lly  
in  Appendix H to  be t r u e .  The e x ten t o f th e  ZnO la y e r  may b e  determ ined 
by leach in g  th e  s p h a le r i te  in  d i lu te  su lp h u ric  ac id  (0,05M HjSO^).
A m odified  Gear method fo r  s t i f f  d i f f e r e n t i a l  eq ua tions was used  from th e  
I .H .S .L  l ib r a r y  t o  so lv e  th e se  d i f f e r e n t i a l  equa tions (equa tions 2 .3 0 , 
which in c o rp o ra te s  eq u a tion  2.31 fo r  each p a r t i c l e  s iz e  c l a s s ) ,  and no 
problems were experienced  in  th e  a p p lic a tio n  o f th e  package.
E quation  2.31  a and b re p re se n t th e  sh r in k in g  co re  behaviour o f v s e t  c f  
p a r t i c l e s  o f ZnS w ith a s iz e  d i s t r ib u t io n  f ( l 6) d is so lv in g  by a mechanism 
o f d i r e c t  e lec tro ch em ica l o x id a tio n . The assum ptions made in  th e  d e r i ­
v a tio n  o f  t h i s  model may be summarised as fo llow s:
( i )  S hrink ing  co re  behaviour;
( i i )  E lec trochem ica l d is s o lu tio n  by d i r e c t  o x id a tiv e  a tta c k  
by f e r r i c  io n ;
( l i i )  K in e tic s  given  by Paul a t  al (1977) (eq u a tio n  2 .4  ) ;
( iv )  M ineral su rfa c e  p o te n t ia l  i s  r e l a t i v e ly  la rg e ,  o r th e  
c o n cen tra tio n  o f i s  sm a ll, so  th a t  th e  f i r s t  
term  o f  th e  denominator o f eq u a tion  2 .6  i s  n e g lig ib le ;
(v ) [S ] in te rm ed ia te  i s  a t  s teady  s t a te ;
<vi) E lec trochem ica l leach in g  occurs under co n d itio n s  such
th a t  th e  s p h a le r i te  p a r t i a l  anodic c u r re n t i s  n e g lig ib le  
compared to  th a t  o f fe rro u s  ion o x id a tio n  on th e  m ineral 
su rfa c e .
2 .2  O xidation of fe r ro u s  ion b y  d isso lv ed  o xygen .
The o x id a tio n  o f fe rro u s  ion  involves two p ro cesse s : ( i )  M ass-tran sfe r 
o f  th e  oxygen gas to  th e  l iq u id  phase from th e  gaseous phase , th a t  i s ,  
th e  d is s o lu tio n  o f th e  oxygen, ar.d ( i f )  th e  o x id a tio n  of th e  fe rro u s  
sp ec ie s  by th e  d isso lv ed  m olecular oxygen to  th e  f e r r i c  s t a t e .  S ince th e  
focus o f  t h i s  s tudy  i s  n o t on th e  m a ss - tra n s fe r  c h a r a c te r i s t ic s ,  i t  i s  
p r e f e ra b le  to  design th e  re a c t io n  co n d itio n s  o r appara tus such th a t  th e  
oxygen co n cen tra tio n  reaches i t s  s a tu ra te d  value very  soon a f t e r  th e  r e ­
a c tio n  beg in s, to  ensure  th a t  gaseous- aqueous m a ss - tra n s fe r  e f f e c ts  do 
n o t have a s ig n if ic a n t  e f f e c t .  This i s  achieved by in c re a s in g  th e  s t i r r e r  
speed s u f f ic ie n t ly .
The r e s u l t s  p re sen ted  by Mathews and Robins (1972) and Chmielewski and 
Cherewicz (1984) in d ic a te  th a t  th e  o x id a tio n  o f fe rro u s  ion  by d isso lv ed  
oxygen has th e  form:
-  d | ? e ( n ?.! i  -  k0 [ F e ( n ) l 2 l02]/[H 'I'11> ax p (-E /R T ) 2.32
where kQ i s  th e  o v e ra l l  re a c tio n  r a t e  c o n s ta n t, B i s  th e  a c t iv a t io n  en­
ergy  and b i s  a c o n s ta n t. Most au tho rs  agree th a t  th e  re a c t io n  i s  second 
o rd e r  in  fe rro u s  ion co n cen tra tio n  and f i r s t  o rder in  oxygen concen­
t r a t i o n ,  b u t d i s p a r i ty  e x is t s  w ith  regard  to  th e  dependence on hydrogen 
ion co n cen tra tio n ,
The c o n c e n tra tio n  o f oxygen i s  dependant on th e  m a ss- tra n sfe r  c o e f f ic ie n t  
and th e  s a tu ra t io n  c o n c e n tra tio n  o f oxygen in  s o lu tio n .  The sa tu ra t io n  
c o n c e n tra tio n  o f oxygen i s  dependant on th e  p a r t i a l  p re ssu re  o f  oxygen 
gas , th e  tem pera tu re , and th e  c o n c e n tra tio n  o f d isso lv ed  e le c t r o ly te  in  
th e  s o lu t io n .  As long a s  th e  c o n c e n tra tio n  o f d is so lv e d  gas i s  sm ell end 
th e  tem pera tu re  and p re s su re  a re  f a r  removed from th e  c r i t i c a l  v a lu es  fo r 
th e  g a s , H enry 's law i s  obeyed and th e  co n cen tra tio n  o f  th e  gas,
[C ^lrat*  in  eq u ilib riu m  w ith  th e  p a r t i a l  p re s su re , p (0 g ) , o f th e  gas is  
givun by.
p (0 z ) = (02 ]s<ltH 2.33
whwe H i*. th e  H enry 's law c o n s ta n t.
Since th e  oxygen re a c ts  in  s o lu t io n ,  H enry 's law does n o t apply t o  th e  
to n a l co n cen tra tio n  o f d is so lv e d  oxygen, b u t to  th e  c o n cen tra tio n  o f 
u n reac ted  oxygen. In  e le c t r o ly te  s o lu t io n s ,  th e  s o lu b i l i t y  o f th e  oxygen 
i s  dependant on th e  c o n c e n tra tio n ’ o f e le c t r o ly te .  Danckwerts (1970) de­
s c r ib e d  th i s  's a l t i n g  o u t ' e f f e c t  in  which th e  s a tu ra t io n  c o n cen tra tio n  
o f  oxygon decreases  w ith  in c rea s in g  d isso lv e d  e le c t r o ly te  by:
log  (S /S ,)  = 2 h1I 1 2.34
where S , = s o lu b i l i ty  o f oxygen, in  pu re  w ater
S * s o lu b i l i ty  o f  oxygen in  an e le c t r o ly te  so lu tio n
h^ *  co n s tan t fo r  a given  io n ic  sp e c ie s  i
I 1 H io n ic  s t re n g th  a t t r ib u ta b le  to  th e  io n ic  sp ec ie s  i
M arita , Lawson and Han (1963) p resen ted  a m o d ifica tio n  of t h i s  r e s u l t  fo r 
oxygen which they  found to  be su p e rio r  a t  h igher e le c t r o ly te  concen­
t r a t i o n s  than  th a t  p re sen ted  by Lanckwercs (1970):
logC S/S .) = - 2 K1C1 2.35
where = 's o lu b i l i t y  c o n s ta n t1 fo r  a l l  sp ec ie s  i  
= m o la rity  o f sp ec ie s  i
Values fo r  fo r  d i f f e r e n t  sp ec ie s  i  a re  p re sen ted  in  Appendix C.
The s o lu b i l i t y  o f oxygen decreases  w ith  on in c re a se  in  tem pera tu re  fo r  
tem pera tu res  below 130® and a p o s i t iv e  oxygen p a r t i a l  p re s su re , and is  
g iven  by:
S , = S2g8 exp(1336/T -  4 ,46 ) 2 .36
where 6 ^  »  s o lu b i l i t y  a t  296°K, th a t  i s ,  a t  296 eK.
Combining eq ua tions 2 .3 3 , 2 .35 and 2.36  to  g ive  th e  oxygen c o n cen tra tio n :
(023 = p (02)/H2g8 exp (1336/T -  4,46 - Z K ^ )  2.37
A pp lica tio n  o f t h i s  eq u a tion  invo lves th e  c a lc u la tio n  o f th e  concen­
t r a t i o n s  o f th e  v a rio u s io n ic  sp e c ie s  in  so lu t io n ,  e sp e c ia l ly  th e  con­
c e n tra tio n s  o f  H+, SO^ and HSO^. This c a lc u la tio n  was perform ed by th e  
subprogram EQUIL, th e  program t h a t  c a lc u la te d  th e  redox p o te n t i a l ,  as 
d iscu ssed  in  s e c tio n  2 .1 .1 .  Thus th e  o x id a tio n  re a c t io n  i s  d e sc rib ed  by 
eq u a tio n  2.32 and 2 .37 .
The assum ptions made in  th e  p re se n ta tio n  o f t h i s  model a rc :
( i )  The o v e ra l l  k in e t ic s  o f th e  fe rro u s  ion o x id a tio n  re a c t io n
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a re  second o rd e r w ith  re sp e c t to  fe rro u s  ion co n cen tra tio n , 
f i r s t  o rd e r  w ith  re sp e c t to  oxygen co n c e n tra tio n , and 
p ro p o rtio n  to  th e  hydrogen ion c o n c e n tra tio n  to  some power.
( i i )  The oxygen c o n cen tra tio n  i s  s a tu ra te d  a t  a le v e l c a lc u la te d  
by th e  c o r r e la t io n  o f N a r ita , Lawson and Han (1983) 
accoun ting  fo r  e le c tro ly e s  in  s o lu tio n .
( i i i )T h e  hydrogen ion  co n cen tra tio n  i s  c a lc u la te d  by accounting  
fo r  th e  complexes in  s o lu t io n  (as d iscu ssed  in  s e c tio n  2 ,1 .1 )
2 .3  L eaching of sp h a le rite  In th e  p re se n c e  of o x y g en .
A number of a u th o rs , in c lu d in g  Ja n , Kepworth and Fox (1976), Doyle, Mas­
t e r s ,  W ebster, and Veltman (1976), and Forward and Warren (i9 6 0 ) , sug­
g ested  th a t  th e  ro le  o f  th e  oxygen in  e so lu tio n  o f a c id ic  f e r r i c  su lp h a te  
i s  to  o x id ise  th e  fe rro u s  s p e c ie s , r a th e r  th an  to  c o n tr ib u te  to  th e  d i r e c t  
o x id a tio n  o f th e  s p h a le r i te .  Mathews and Robins (1972) rep o rted  th a t  z in c  
in  s o lu t io n  does n o t c a ta ly se  th e  fe r ro u s  ion  o x id a tio n  re a c t io n .  Thus, 
th e  leach in g  o f th e  s p h a le r i te  m ineral p a r t i c l e s  in  th e  p resence o f d i s ­
so lved  oxygen and f e r r i c  ion  can be m odelled as th e  sim ultaneous so lu tio n  
o f th e  leach in g  and th e  o x id a tio n  d i f f e r e n t i a l  eq ua tions p re se n te d  in  
se c tio n s  2,1 and 2 ,2 ,  th a t  i s ,  equa tions 2.31 and 2 .32 . This assumes th a t  
th e  p resence o f s p h a le r i te  p a r t ic le s  in  s o lu t io n  does n o t c a ta ly s e  or 
in f lu e n c e  th e  fe rro u s  ion  o x id a tio n  r e a c tio n .
From th e  m athem atical a n a ly s is  developed above i t  i s  p o s s ib le  to  t e s t  th e  
p ro p o s itio n s  o f t h i s  study . The p ro p o s itio n  th a t  th e  r a t e - l im i t in g  s te p  
o f th e  d is s o lu t io n  o f  s p h a le r i te  i s  an e lec tro ch em ica l re a c tio n  can be 
v e t i f i f td  by f i t t i n g  th e  model deriv ed  in  s e c tio n  2 .1  t o  th e  le a c h in g  d a ta  
fo r  s p h a le r i te  in  th e  absence o f oxygen. The p ro p o s itio n  th a t  th e  ro le  
o f  th e  oxygen in  so lu tio n  i s  p r im a rily  t o  o x id ise  fe rro u s  ion in  so lu t io n ,
and th e re fo re  does n o t c o n tr ib u te  d i r e c t ly  to  th e  d is s o lu t io n  i s  v e r i f ie d  
i f  th e  d is s o lu tio n  o f s p h a le r i te  in  th e  p resence of oxygen i s  described  
by th e  sim ultaneous so lu tio n  o f th e  two d i f f e r e n t i a l  equa tions d esc rib in g  
each in d iv id u a l p ro cess .
These two r a t e  eq u a tio n s , th a t  i s ,  equa tion  2.31  d e sc r ib in g  th e  leach ing  
r a t e ,  and eq u a tion  2.32  d e sc r ib in g  th e  fe rro u s  ion o x id a tio n  r a t e ,  a re  
so lved  s im ultaneously  u sin g  th e  m odified Gear method fo r  s t i f f  d i f f e r e n ­
t i a l  eq u a tio n s, and th i s  program i s  p re sen ted  in  Appendix K.
3 . EXPERIMENTAL PROCEDURE AND RESULTS.
3 ,1  E xperim ental re a g e n ts  and  an a ly s is .
3 .1 .1  D escrip tion  of re a g e n ts .
The s p h a le r i te  ob ta ined  was a f l o t a t i o n  c o n cen tra te  from th e  Black Moun­
ta in  o re  d e p o s it  in  th e  Cape. T his m a te r ia l  was chosen because o f th e  
p o s s ib i l i t y  o f  i t  one day being  com m ercially p re s su re  leached in  a process  
s im ila r  t o  t h a t  developed a t  MINTEK (Verbaan, 1981). The sample o b ta ined  
was d r ie d ,  and m illed  in  a rod m il l  fo r  f iv e  m inutes p e r  500 prams to  break 
agglom erates o f  sm a lle r p a r t i c l e s  th a t  had formed, and then  tumbled fo r  
an hour to  mix th e  whole sam ple. The p a r t i c l e  s iz e  d i s t r ib u t io n  fo r  th e  
m ille d  sample was o b ta ined  from MINTEK by wet sc reen in g  fo r  s iz e  f ra c tio n s  
above 38 micron and from a Worman c y c le s iz e r  on f r a c t io n s  below 38 micron. 
This d i s t r ib u t io n  i s  p re sen ted  in  Table 3 .1 .
The chem ical com position o f  each s iz e  f r a c t io n  was o b ta ined  from MINTEK 
and i s  p re sen ted  in  T able  3 .2 . M in e ra lo g ic a lly , th e  Black Mountain 
s p h a le r i te  i s  composed m ainly o f  s p h a le r i te  (ZnS), w ith  sm all amounts of 
galena (PbS), eh a lc o p y rite  (CuFeS*), p y r rh o t i te  ( F e ^ S )  and e n g lc s ite  
(PbSOO.
A n a ly tica l g rade su lp h u ric  ac id , fe rro u s  su lp h a te  c ry s ta l s  and f e r r i c  
su lp h a te  c r y s ta ls  wore used , D i s t i l l e d  w ater was used to  p rep a re  a l l  r e ­
agents to  t h e i r  d e s ire d  c o n cen tra tio n .
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Table 3 .1  P a r t ic le  s iz e  d is t r ib u t io n  o f B lack Mountain s p h a le r i te .
F ra c tio n S ize  (m icrons)
re ta in e d
0 0,00
' 150 0,74
2 106 4,26
3 75 8,02
4 12,74
36 11,44
6 29,61 5,31
7 23,58 10,26
8 16,57 10,78
9 11,75 8,13
6,35 5,84
-6,35 22,46 (by d if fe re n c e )
T able  3 .2  Chernies. eom pksition o f Black Mountain s p h a le r i te .
F ra c tio n Zn Fe Cu Si S
48,5 9,15 0,54 2,57 1,73 1,96 29,1
49,4 9 ,62 0,66 0,97 2,00 1,32 30,9
49,5 10,3 0,63 0,60 2 ,U 1,26 31,4
49,5 10,6 0,52 0,70 2 ,12 1,30 32,0
5 48,8 10,9 0,41 0,63 2,04 1,14 31,2
5 46,6 11,7 0,34 1,33 1,66 0,65 31,3
7 51,1 9,95 0,32 1,15 1,75 0,89 30,6
8 51,4 9,98 0,29 1,31 1,59 0,81 30,8
9 32,5 8,80 0,28 1,36 1,42 0,67 31,6
53,5 8,46 0,27 1,36 1,29 0,53 31,8
< \ # 9,09 0,63 9,37 1,20 1,23 27,9
Unscreened 49,7 10,09 0,54 2,95 1,80 27,5
3 .1 .2  M ethods of chemical an a ly s is .
The co n cen tra tio n s  o f z in c  and iro n  in  so lu tio n  were measured on a V arian 
AA 1475 s e r ie s  atom ic abso rp tion  spec trom eter in  th e  Department o f Chem­
i c a l  Engineering  a t  t h i s  u n iv e r s i ty .  The c o n cen tra tio n  o f f e r r i c  io n  was 
determ ined by t i t r a t i o n  w ith sodium th io s u lp h s te ,  and th e  c o n cen tra tio n  
o f  su lp h u ric  acid  was determ ined by t i t r a t i o n  w ith  sodium carbonate . 
R efer to  Appendix D f i r  a d e s c r ip tio n  o f th e se  t i t r a t i o n  methods.
3 .2  A fp a ra tu s ,
Two s e t s  o f appara tus were used: a sm all 2 l i t r e  beaker in  a con stan t 
tem p era tu re  b a th ,  and an 18 l i t r e  p re ssu re  r e a c to r .  The 
c 'is ta n t- te m p e ra tu re  b a th  equipment was used when leach ing  in  th e  absence 
o f oxygen, w hile  th e  p re ssu re  re a c to r  was used fo r  th e  o x id a tio n  of 
f&r-.'ous ion  and leach ing  in  th e  p resence  fnd absence o f oxygen. The ob­
j e c t  i f  u sing  th e  constan t-tem p era tu re  b a th  equipment was :o  s tudy  th e  
i n i t i a l  r a t e  o f leach in g  more tho rough ly . Diagrams o f th e  equipment used 
a re  p re sen ted  as f ig u re s  3 .1  and 3 .2 .
3 .2 .1  h a r e '  p re s su re  re ac to r.
The p re s su re  re a c to r  was a s ta in le s s  s t e e l ,  s t i r r e d  v e s se l w ith  a  rounded 
bottom  and it f l a t  to p . The top  had th re e  f a c i l i t y  p o r ts ,  a p o r t  f o r  so l id s  
i n l e t ,  nr. i n l e t  fo r  gas su p p ly , and an emergency o u t le t  c o n tro l le d  by e 
b u rs tin g  dinphragm. A p re ssu re  gauge and two vent ta p s  were a lso  a tta ch ed  
to  th e  lie i, The re a c to r  was hea ted  by means o f two e l e c t r i c a l  elem ents
F igu re  3.3 Diagram o f la rg e  p re s su re  r e a c to r ,
F igure 3 ,2  Diagram o f con stan t-tem p era tu re  ba th  equipment-
p laced  around th e  o u ts id e  o f th e  v e s s e l ,  and th e  tem pera tu re  was con­
t r o l l e d  by a p ro p o r tio n a l,  in te g ra l  and d e r iv a t iv e  c o n tro l le r ,  The re a c ­
to r  cap ac ity  was 18 l i t r e s ,  The gas supp ly , e i th e r  n itro g en  o r oxygen, 
was c o n tro lle d  by a p re ssu re  re g u la to r  v a lv e  on th e  gas c y lin d e r , and fed 
in to  th e  system by a s ta in le s s  s t e e l  p ipe  and re le a se d  through a s in g le  
o r i f i c e  to  a p o in t im m ediately below th e  im p e lle r . The im p e lle r was a 
fo u r-b la d e , f l a t  s ta in le s s  s t e e l  im p e lle r, d riv en  by a v a r ia b le  speed 
motor. The speed was s e t  u sing  a s troboscope.
3 .2 .2  C o n stan t-tem pera*ure  ba th  equipm ent.
The eo n stan t-tem p era tu re  b a th  equipment c o n s is te d  o f  a 2 ,3  l i t r e  c y l in ­
d r ic a l  g la ss  c u l tu re -v e s s e l  f i t t e d  w ith  a f l a t  te f lo n  l id  to  which two 
b a f f le s  had been a tta c h e d . The l i d  had p o r ts  fo r  a redox e le c tro d e ,  and 
fo r  sample a n a ly s is .  The l i d  was secured to  th e  v csso ! w ith  a flan g e .
The c o n te n ts  o f th e  v e s s e l were s t i r r e d  by a s t a in l e s s  s t e e l  im p e lle r 
d riven  by a v a r ia b le  speed motor connected by a f le x ib le  cab le  d r iv e . The 
speed was s e t  u s in g  a s troboscope . The v e s s e l was p laced  in  th e  
eo n stan t-tem p era tu re  b a th , which was c o n tro lle d  by a p ro p o rtio n a l con­
t r o l l e r .  A Schott-G erade Pc 62 com bination e le c tro d e  (re fe ren ce : 3 ,5  M
XC1 S .G .E .) was immersed in  th e  re a c tin g  s o lu t io n  and th e  redox p o te n t ia l  
measured on a Metiohm pH/mV m eter.
3 .3  E xperim ental p ro c e d u re s .
3 .3 .1  P ro ced u re  fo r leach ing  in th e  p re s s u re  reac to r w ithou t oxygen  
p re s e n t
A s o lu t io n  was made by d is so lv in g  fe rro u s  su lp h a te  and su lp h u ric  a c id  i a  
d i s t i l l e d  w a te r, and s to re d  in  a p l a s t i c  drum. Ten l i t r e s  o f  so lu tio n  
was tapped  and re a c te d  w ith hydrogen p erox ide  to  produce th e  req u ired  
amount o f f e r r i c  ion , and poured in to  th e  re a c to r .  The re a c to r  was hea ted  
up under a p re ssu re  o f n itro g e n  a t  approxim ately one atm osphere gauge to  
p rev en t any prem ature o x id a tio n . The re q u ire d  amount o f s p h a le r i te  was 
weighed to  th r e e  f ig u re  accuracy , and once th e  tem pera tu re  had s ta b i l i s e d ,  
th e  s p h a le r i te  was added to  th e  so lu tio n  and th e  stop-w atch  s ta r t e d .  The 
s p h a le r i te  was leached under a p re ssu re  o f n itro g e n . A pproximately 15 ml 
samples were tak en , f i l t e r e d  in  a 200 ml membrane f i l t e r ,  and b o t t le d .  
Dead volume in  th e  sam pling tube  was removed im m ediately p r io r  to  tak in g  
th e  sam ple. Samples were analysed  fo r  f e r r i c  ion , t o t a l  i r 'in  and z in c  ion 
co n c e n tra tio n s . A fte r  th e  run was com pleted, th e  so lu tio n  was d ra ined  from 
th e  r e a c to r ,  and th e  re a c to r  was washed o u t w ith  w ater o r d i l u t e  su lp h u ric
During th e  re a c tio n  th e  con ten ts  o f  th e  re a c to r  were examined by low ering 
a to rc h  bulb through one o f th e  p o r ts ,  and observ ing  through ano ther. 
T his was to  check th a t  th e  s p h a le r i te  so l id s  were thoroughly  mixed, and 
d id  n o t f lo a t  on th e  s u rfa c e  o f th e  f lu id .  A v o rtex  was observed in  which 
th e  s o l id s  were w ell-m ixed, co n tac tin g  th e  leach ing  s o lu t io n  a l l  th e  tim e.
3 .2 .2  P ro ced u re  fo r leaching in th e  co n s ta n t- te m p e ra tu re  ba th  re a c to r .
S p h a le r ite  leach ing  w ithout oxygen was a lso  conducted in  th e  
constan t-T em perature  b a th  equipment t o  examine th e  i n i t i a l  r a t e  o f 
le ach in g  more thoroughly . A leach ing  so lu tio n  was made up by d is so lv in g  
s o l id  f e r r i c  su lp h a te  and su lp h u ric  ac id  in  d i s t i l l e d  w ater and scored 
in  a sea led  g la s s  co n ta in e r . S o lu tio n  was then  drawn from th i s  supply so 
th a t  a s e t  o f  experim ents would have th e  same i n i t i a l  co n cen tra tio n  of 
f e r r i c  ion .
One l i t r e  o f s o lu t io n  was tak en  from th e  make-up s o lu t io n  and poured in to  
th e  leach in g  v e s se l in  th e  co n s ta u t 'te m p e ra tu re  b a th . The ba th  was se t  
a t  th e  req u ired  tem perature  and c o n tro lle d  to  w ith  0 ,2  °K. The s t i r r e r  
and th e  b a f f le s  were p u t in  p la c e ,  and th e  redox p o te n t ia l  e lec tro d e  was 
immersed to  a s u f f ic ie n t  dep th  in  th e  so lu t io n .  The req u ired  amount o f 
fe rro u s  su lp h a te , FeSO^.THgO, was weighed to  fou r f ig u re  accuracy and 
d is so lv e d  in  th e  so lu t io n .  The re q u ire d  amount o f s p h a le r i te  was weighed 
to  fo u r f ig u re  ar-.u racy . The tem pera tu re  of th e  so lu tio n  was allow ed to  
r i s e ,  and once i t  had s t a b i l i s e d ,  th e  s p h a le r i te  was added to  th e  so lu tio n  
and th e  stop-w atch  s ta r te d .
Approxim ately 15 ml samples were ex txac ted  usin g  a p l a s t i c  sy r in g e , f i t t e d  
w ith  seme p l a s t i c  tu b in g  a t  re g u la r  i n te r v a ls ,  and f i l t e r e d  in  a 200 ml 
membrane f i l t e r .  At th e  end o f  th e  le a c h , th e  s o lu t io n  was f i l t e r e d  and 
th e  s o l id  re s id u e  c o lle c te d .  A ll co n ta in e rs  were then washed in  both 
ace tone  and d i s t i l l e d  w ater fo r  th e  nex t loach experim ent.
3 .3 .3  P rocedure  fo r F e ( ll)  ox idation  in th e  p re s s u re  re ac to r.
Ten l i t r e s  o f  so lu tio n  was made up by d is so lv in g  th e  re q u ire d  amount of 
fe r ro u s  su lp h a te  and su lp h u ric  ac id  in  d i s t i l l e d  w a te r, and poured in  th e  
p re ssu re  re a c to r .  The re a c to r  was hea ted  up under a p re s su re  o f n itro g e n  
a t  approxim ately one atm osphere (gauge) to  p rev en t any prem ature 
o x id a tio n . Im mediately p r io r  to  th e  beginning o f  th e  experim ent, th e  
n itro g e n  was vented . At th e  s t a r t ,  oxygen was fed th rough th e  system  to  
remove any any rem aining n itro g e n , and th en  th e  p re ssu re  was allow ed to  
b u ild  up to  th e  re q u ire d  v a lu e . The stop-w atch  was s ta r t e d  when th e  oxygen 
was f i r s t  l e t  in to  th e  p re s su re  r e a c to r .  A pproximately 15 ml samples were 
tak en  and analysed  fo r  f e r r i c  ion  and t o t a l  ion c o n c e n tra tio n s . Dead 
volume in  th e  sam pling tube  was removed J u s t  p r io r  to  tak in g  th e  s e. 
A fte r  th e  run  was com pleted, th e  re a c to r  was emptied and washed ou. th 
w ate r o r d i l u t e  su lp h u ric  ac id .
3 .3 .4  P ro ced u re  fo r leaching In th e  p r e s s u re  rea c to r  w ith oxygen  
p re se n t.
S o lu tio n  war, made up by d is so lv in g  th e  req u ired  amount o f fe rro u s  su lp h a te  
and su lp h u ric  ac id  in  d i s t i l l e d  w a te r , and th en  adding hydrogen peroxide 
to  o x id ise  th e  req u ired  amount o f fe rro u s  su lp h a te  t o  th e  f e r r i c  s t a t e .  
This so lu tio n  was th en  poured in to  th e  p re s su re  r e a c to r ,  and hea ted  up 
under a p re ssu re  o f n i tro g e n . J u s t  p r io r  to  th e  s t a r t ,  n itro g e n  was 
purged from th e  system . The s p h a le r i te  was poured in to  th e  re a c to r  w ith  
d i s t i l l e d  w ater in  th e  form of a s lu r ry ,  and any rem aining so l id s  were 
washed in to  th e  re a c to r  w ith  a sm all amount o f  d i s t i l l e d  w ater. The 
stop-w atch  was s ta r te d  when th e  s lu r ry  was poured in to  th e  leach in g  s o l ­
u t io n .  The re a c to r  was then  se a le d , and th e  oxygen was tu rned  on. Some 
oxygen was vented  through th e  ven t ta p  t o  remove any rem aining n itro g e n .
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A pproximately 15 ml samples were taken  and f i l t e r e d  in  a 200 ml membrane 
f i l t e r  and b o t t le d .  Dead volume in  th e  sam pling tube  was e x tra c te d  J u s t  
p r io r  to  tak in g  th e  sam ple. Samples were analysed  fo r  f e r r i c  ion , 
su lp h u ric  ac id  and to t a l  iro n  c o n cen tra tio n s . At th e  end o f th e  leach , 
th e  s o lu t io n  was f i l t e r e d  in  a la rg e  f iv e  l i t r e  membrane f i l t e r ,  and th e  
s o l id  re s id u e  c o lle c te d .  The re a c to r  was th en  r in se d  and washed in  d i s ­
t i l l e d  w e - .r .
3 .4  E xperim ental r e su lts .
3 .4 .1  R esu lts  f o r  sp -.^ ie rlte  leaching  w ith o u t oxygen  p re se n t.
The procedures o u tlin e d  in  s e c tio n  3 .3 .1  were follow ed and th e  r e s u l t s  
a re  p re sen ted  in  Appendix E. A il th e se  experim ents were conducted using  
Black Mountain s p h a le r i te .  Two g /1  of unscreened s p h a le r i te  was leached 
in  th e  p re s su re  r e a c to r .  S o lu tio n  c o n ta in in g  fe rro u s  ion  only fo r  th e se  
re a c t io n  experim ents was tak en  from th e  same bull, so lu tio n  so th a t  they  
would have th a  same t o t a l  iro n  co n c e n tra tio n , and th en  o x id ised  to  d i f ­
fe re n t  e x te n ts  u sin g  hydrogen p erox ide . The r e s u l t s  fo r  th re e  experim ents 
a t  co n c e n tra tio n s  o f 3 ,5  , 6 , 0  and 8,95 g /1  f e r r i c  ion  a r e  shown in  f ig u re
3 .3 . A ll o f th o se  f e r r i c  ion  co n cen tra tio n s  a re  a r e  in  excess o f  th e  
s to ic h io m e tr ic  requirem ent fo r  complete conversion . A ll th re e  exper­
im ents show a sharp  i n i t i a l  r a t e  o f  d is s o lu t io n  dependant on th e  f e r r i c  
ion co n ce n tra tio n , b u t each r a p id ly  slows o f f  to  reach  a f i n a l  conversion  
o f z in c  from th e  s o l id  phase to  th e  aqueous phase o f about 40™ a f t- .r  f iv e  
hours a t  80“ C. This behaviour i s  i r r e g u la r ,  s in c e  th e  conversion  fo r  run
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39 a t  3 ,5 g /1 F e ( I I I )  i s  h ig h e r than  th a t  fo r  run 40 a t  6 ,0  g /1  F e ( I I I )  
a f t e r  about 30 in in s .,
Run 28 on f ig u re  3 .3  i s  fo r  a 2 0 g /l s p h a le r i te  sample in  19,1 g /1 F e ( I I I ) . 
D esp ite  th e  in c re a se  in  so l id s  co n c e n tra tio n , th e  f in a l  conversion  r e ­
mains a t  about th e  same le v e l , th a t  o f 68$,
The re p ro d u c ib i l i ty  o f th e  leach  r e s u l t s  was te s te d  on a screened  sample 
a f  s p h a le r i te  in  th e  s iz e  range +74 -105 u® in  th e  p re ssu re  r e a c to r .  
F igu re  3 .4  in d ic a te s  th a t  th e se  r e s u l t s  a re  re p ro d u c ib le . A d i s t i n c t  
decrease  in  th e  o v e ra l l  conversion  between th i s  and f ig u re  3 .3  i s  a lso  
ev id en t.
The e f f e c t  o f a g i ta t io n  was te s te d  on a sample in  th e  s iz e  range +53 -74 
vro in  th e  p re s su re  r e a c to r .  These experim ents were conducted a t  th e  aaroe 
i n i t i a l  condition ;: and a re  p re sen ted  in  f ig u re  3 .5 . The r a te s  o f  th e  f i r s t  
th ro e  ru n s, 56, 57, and 61 in c re a se  w ith  s t i r r e r  speed; however, run 62 
has th e  same i n i t i a l  r a t e  as run 61 b u t th e  ro te  drops d ra m a tic a lly  a f t e r
F ig u re  3 .6  prov ides a comparison between f iv e  runs showing th e  e f f e c t  o f 
tem p era tu re , f e r r i c  ion  c o n c e n tra tio n  and s t i r r e r  speed . The f e r r i c  ion  
concentiatii.<n o f  run 58 i s  double th a t  o f 5 / e and a re  bo th  a t  50eC, w hile  
run  59, a t  th e  sasna f t t r r ic  ion  co n cen tra tio n  of n m  58, i s  o t  90*tf. Com­
p a riso n  o f runs 58 and 59 in d ic a te  th a t  w h ile  th e re  i s  a d ram atic  in c re a se  
in  th e  i n i t i a l  r a t e ,  she r a te s  a f t e r  about 15 m inutes a re  comparable, 
in d ic a t iv e  o f  chem ical re a c tio n  c o n tro l in  th e  I n i t i a l  s ta g e s  o f re a c tio n  
follow ed by d if fu s io n  c o n tro l th rough a s o l id  product la y e r , o r 
p ro d u c t- la y e r  p a s s iv a tio n ,  Compflriaer. o f  runs 62 nnd 63, o t h igher
Figure 3 .3  Leaching o f s p h a le r i te  in  an excess o f f e r r i c  io n s , in d ic a t in g  
p a s s iv a tio n  of th e  re a c tio n . C ond itions: 80°C; unscreened 
ZnS; 8 ,95 g /1  t o t a l  iro n ; 450 RPM; 2 g /l  ZnS; 0,1M H2S0t ,
Run 39: 3 ,5  g /1 ; 40: 6 ,0  g /1 ; 42: 8 ,85 g /1 F c ( IH ) .
Run 28: 1 9 , lg / l  2 0 g /l ZnS; 90°C
s t i r r e r  speeds th an  runs 57 to  59, confirm  th e  r e s u l t  rep o rted  e a r l i e r  
th a t  r a te  decreases  d ram a tic a lly  a t  h igher s t i r r e r  speeds.
The in c re a se  in  tem pera tu re  from 50°C to  90°C does in c re a se  th e  i n i t i a l  
r a t e  rem arkably, again  in d ic a tin g  chem ical re a c tio n  o r  p ro d u c t- la y e r  
co n tro l a t  th e  b eg inn ing , follow ed by p a s s iv a tio n .
Experim ents in  th e  const "n t-tem peraturo  ba th  equipment were undertaken 
to  confirm  th a t  th e  leach in g  r e s u l t s  p re sen ted  above wore not due to  ob­
v ious experim ental e r r o r ,  to  measure th e  redox p o te n t ia l  a c c u ra te ly , and 
to  exp lo re  th e  i n i t i a l  r a te  more thoroughly . Runs F I , FA and FS were 
conducted a t  a c o n s ta n t f e r r i c  ion concen tra tio n  vary ing  th e  fe rro u s  ion
0,0  12,0 24.0 36.0 46.0 60.0
Ti me  ( mi ni
F igu re  3 .4  R e p ro d u c ib ility  o f  le ach in g  r e s u l t s .  C ond itions: 50°C;
210 SPM; 5.69 g /1  F t i ( I I I ) ;  0 .06 g /1 F e ( I I ) $
0,12  H HjSOt , 3 g /1  ZnSj +74 -105 pm.
co n c e n tra tio n , These r e s u l t s  e re  p re se n te d  in  f ig u re  3 .7 .  A d i s t i n c t  
d ecrease  in  r a t e  i s  noted w ith t ve in c re a se  in  fe rro u s  io n , confirm ing  
th e  dependence o f th e  i n i t i a l  r a t e  on th e  co n cen tra tio n  o f th e  uncomplexed 
f e r r i c  ion  in  so lu t io n .  R epeating th e se  runs a t  a h igher f e r r i c  ion 
co n c e n tra tio n , F13, and a h ig h e r s t i r r e r  speed, F19, produced r e s u l t s  th a t  
f e l l  alm ost d i r e c t ly  on one a n o th e r , independent o f th e  fe rro u s  ion  con­
c e n tr a t io n ,  a t  lower co n v e rs io n s . T his confirm s th e  r e s u l t s  ob ta ined  
p re v io u s ly .
Data fo r  th e  leach in g  o f s p h a le r i te  from th e  Gamsborg o re  d ep o s it in  
a c id ic  f e r r i c  su lp h a te  media in  th e  absence o f oxygen i s  p re sen ted  in  th e  
l i t e r a t u r e  (Verbaan, I960), and th e  a n a ly s is  o f t h i s  d a ta  in  term s o f th e  
model derived  in  s e c tio n  2 .1 .3 ,  th a t  i s ,  equa tion  2 .31 , i s  p resen ted  in  
c h ap te r  4.
T i me  ( mi n i
F igu re  3 ,5  E f fe c t o f a g i ta t io n .  C o n d itio n s : 50®C| 5 ,6 9 g /l  F e f l l l ) ;  
0 ,0 6 g /l F e ( I I ) i  0.12M HaS0*, 3 g / l  ZnS; *53 * 7 4 ^ .
T i n e  ( mi n i
F igu re  3 .6  E f fe c t o f F e ( I I I )  and tem pera tu re . C ond itions: 0 ,0 6 g /l F a ( I I ) ;  
0 , 12!ffl2S0i,, 3 g /l  ZnS; +53 -74vm.
0 0 6.00 12 0 IS 0 24.0 30 0
Time Im 1 n 1
F igu re  3 .7  T yp ica l r e s u l t s  fo r  th e  co n s ta n t- te m p e ra tu re  bath equipment, 
C ond itions: S06C; 3 g / l  ZnS; +74 -105pm; 0.12M H,SO&.
3 .4 .2  Experim ental re su lts  fo r th e  ox idation  of F e ( l l )  b y  oxygen .
D ata ob ta ined  by th e  procedure o u tlin e d  in  s e c t io n  3 ,3  2 a re  p resen ted  
in  Appendix F, and a re  d iscu ssed  and ana lysed  in  ch ap te r 5 . Ferrous ion  
o x id a tio n  experim ents were conducted under d if f e r e n t  co n d itions o f F e (U ) 
co n c e n tra tio n , tem p era tu re , oxygen p a r t i a l  p re s su re  and ac id  concen­
t r a t i o n .  The r a t e  in c re a se s  fo r  an in c re a se  in  F e ( I I )  c o n cen tra tio n , 
tem pera tu re , and oxygen p a r t i a l  p re s su re , a id  dec rea ses  fo r  an in c rea se  
in  th e  acid  co n ce n tra tio n . These r e s u l t s  were found to  be rep roducib le  
and ty p ic a l r e s u l t s  a re  p re sen ted  in  f ig u re  3.B.
F igu re  3 .6  F e ( I I )  o x id a tio n  r e s u l t s .  C onditions: 21,75 g /1 t o t a l  iro n ;
0 ,25M H8SOa , 450 RFM; Run 32: 353°K; 4 ,5  bar p (0 a ) ;  5 ,1  g /1  F e ( I I I ) ;
33: 3 4 3 %  4 ,5  bar p ( 0 ,) ;  1 ,3  g/1 F e ( I I I ) ;
34: 333eK; 1,0 bar p (0 2) ;  1 ,15 g/1 F e ( I I l ) ;
35: 3 5 3 %  3 ,0  b a r  p (02) ;  1 ,10  g/1 F e ( I I I ) .
3 .4 ,3  Experim ental r e su lts  fo r  leaching  w ith oxygen  p re s e n t.
The procedure fo r  th e se  experim ents i s  o u tlin e d  in  s e c tio n  3 .3 .3 .  The 
r e s u l t s  from th e se  experim ents a re  p re sen ted  in  F igure  3 .9  and 3 .10 , 
showing th a t  th e  same problem experienced  in  the absence o f oxygen occurs 
in  th e  presence o f oxygen as w e ll.  F igu re  3 .9  does in d ic a te  a s l ig h t  
in c re a se  in  th e  f i n a l  conversion  fo r  s im ila r  co n d itio n s as f ig u re  3 .3 . 
Comparison o f th e  r e s u l t s  p re sen ted  in  f ig u re  3,10 suggest th a t  th e  ad­
d i t io n  of oxygen to  th e  system  r e s u l t s  in  s ig n i f ic a n t ly  in c reased  i n i t i a l  
r a t e s ,  followed by th e  same decrease  in  r a t e  a t  th e  end of th e  leach , The 
d iffe re n c e  between runs 63 and 64 shows c le a r ly  chat th e  a d d itio n  o f ox­
ygen has a marked e f f e c t .
0.0 60,0 ISO. te c . 640. ado.
T i me  im i a }
F igure 3.9 le a c h in g  o f s p h a le r i te  in  th e  presence o f oxygen.
C ond itions: 80°C; 7 ,35  g/1 F e ( I I l ) ;  8,65 g /1 t o t a l  iro n ; 
2 g / l  ZnS; 0,12M H$S06 .
Run 42: no oxygen; 44: 0 ,5  bar p ( 0 ,) .
Data fo r  th e  leach in g  o f  a s p h a le r i te  from th e  Gamsberg o re  d e p o s it  in  
a c id ic  f e r r i  su lp h a te  media in  th e  presence o f oxygen i s  p re sen ted  in 
th e  l i t e r a tu r e  (Verbaan, 1961), and a n a ly s is  o f t h i s  d a ta  in  term s o f th e  
model p re sen ted  in  ch ap te r 2 , th a t  i s ,  th e  sim ultaneous num erical so lu tio n  
o f equations 2.31 and 2 .3 2 , is  p resen ted  in  chap ter 6.
The leaehin ;, ‘" W ilts  fo r  Black Mountain s p h a le r i te  a re  d iucussed  in  s e c ­
t io n  4 .1 ,  a; ■.-> r e s u l t s  fo r  th e  leach ing  of Gams berg  s p h a le r i te  are  
analysed in  s e c tio n  4 .2 .  The th e o re t ic a l  a n a ly s is  p re sen ted  in  sec tio n  
2 .2 is  app lied  in  ch ap te r 5 to  th e  experim ental r e s u l t s  fo r  th e  fe rro u s  
ion ox ida tion  re a c tio n  p re sen ted  in  t h i s  ch ap te r . R esu lts  f o r  th e  leaching
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0 .0  85.0 50.0 75.0 iOO. 125.
T i me  ( m m )
FiQ U ie  3 ,1 0  L ea ch in g  o f  s p h a l e r i t e  i n  t h e  p r e s e n c e  o f  o x y g e n .
Conditions; 90°Cj 465 RPM; 0 ,0602g /l F e ( I I ) ;
0,12hl Hj SO*, *53  -74  um;
60; H ,S g / l  F e ( I I l ) ;  9 g /l  ZnS; 3 bar p (0 ,) .
64: 5 ,3 5 g /l  F e ( I I I ) ;  16g /l ZnS; 2 bar p(04).
63; 5 ,6  g /1  F e ( I I I ) ;  3 g /1  ZnS; no oxygen.
o f  B lack Mountain s p h a le r i te  and Gamsberg s p h a le r i te  in  th e  presence o f 
oxygen a re  analysed in  chap ter 6.
/A
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4 . ANALYSIS OF EXPERIMENTAL LEACHING RUNS IN THE ABSENCE 
OF OXYGEN.
4 .1  Leaching o f B lask M ountain sp h a le r ite  w ithou t oxygen .
4 .1 .1  L eaching re su lts  fo r cond itions of an excess  fe r r ic  Ion.
The leach in g  o f  Black Mountain s p h a le r i te  in  a so lu tio n  c o n ta in in g  an 
excess o f f e r r i c  ion show a sharp  i n i t i a l  r a te  o f d is s o lu t io n  dependant 
on th e  f e r r i c  ion co n c e n tra tio n , b u t in  each th e  r a te  d ra m a tic a lly  drops 
to  a f i n a l  conversion  o f about AO - 50*. These r e s u l t s  a re  re p o rte d  in  
s e c tio n  3 .4 .1  and p lo t te d  as f ig u re  3 .1 .
The low f in a l  conversion  could be a t t r ib u te d  to  a  number o f  causes:
( i )  Experim ental e r ro r .
S p h a le r ite  tends to  adhere to  s o l id  s u r fa c e s , and th e  f u l l  sample may n o t 
co n ta c t th e  so lu t io n ,  o r ,  because th e  m a te r ia l  i s  f in e ly  d iv id ed , th e  
r e a c to r  may a c t as a f lo ta t io n  c e l l  w ith  a l l  th e  m a te r ia l  f lo a t in g  on th e  
s u rfa c e  o f th e  s o lu tio n .  Exam ination o f  th e  co n d itio n s  w ith in  th e  re a c to r  
w ith  a to rc h  bulb  in d ic a te d  th a t  s in c e  th e re  were no b a f f le s  in  th e  r e ­
a c to r ,  th e  s o lu t io n  was s t i r r e d  in  & v o rte x  in  which th e  so l id s  would 
r e c i r c u la te  back in to  s o lu tio n .  Examination o f th e  re a c to r  a f t e r  th e  ex­
perim ent in d ic a te d  a s ig n i f ic a n t  amount o f m a te r ia l  d id  n o t remain on th e  
w a lls  o r on th e  probes, and a mass balance  fo r  z in c  confirm ed th i s .
( i i )  N on-oxidative in h ib i t io n .
The p roduction  o f H2S could in h ib i t  th e  re a c t io n  as dem onstrated by Pawlek 
(1969), who com pletely stopped th e  re a c tio n  by apply ing  a p a r t i a l  p re ssu re  
o f  2 atm HjS. Hydrogen su lph ide  was sm elled  a t th e  beginn ing  of th e  r e ­
a c tio n ; s in ce  t h i s  can be de tec ted  a t  co n cen tra tio n s  o f p a r ts  per b i l l i o n  
and h ig h e r co n cen tra tio n s  would have caused i r r i t a r i o n ,  t h i s  could n o t 
have in h ib i te d  th e  re a c tio n .
( i i i )  P ass iv a tio n  due to  form ation of an impervious product lay e r.
The p ro d u c tio n  o f lead  su lp h a te , which i s  in so lu b le , could form a p ass iv e  
la y e r  around th e  p a r t i c l e ,  o r th e  th e  su lphur may form an im pervious la y e r  
through which th e  passage o f f e r r i c  ion  i s  in h ib i te d .  Samples o f th e se  
re s id u e s  were s e n t to  th e  M ineralog ical D iv is ion  o f MINTEK fo r  an a ly s is  
fo r  a PbSO^ la y e r  o r fo r  lay e rs  o f su lphur th a t  may in h ib i t  th e  r e a c tio n .  
These m in era lo g ica l t e s t  r e s u l t s  a re  d iscu ssed  in  s e c tio n  4 .3 .
A 200g sample o f s p h a le r i te  was leached to  a conversion  of 0 ,33  (c a lc u ­
la te d  from th e  z in c  c o n cen tra tio n  in  s o lu tio n )  and th e  f in a l  re s id u e  was 
s e n t fo r  a n a ly s is , Thase r e s u l t s  a re  p re sen ted  in  ta b le  4 .1 . The mass % 
fo r  th e se  elem ents, based on th e  co n cen tra tio n  conversion  fo r  z in c  and 
th e  re s id u e  r e s u l t s  f o r  Mn, Fe, a re  a lso  p re sen ted , This re p re se n ts  a 
component b a lance  fo r  z in c  and su lp h u r. There i s  a good comparison between 
th e se  r e s u l t s ,  confirm ing th a t  th e  su lphu r re p o r ts  as elem ental su lp h u r, 
form ing an ex ten siv e  product lay e r around th e  p a r t i c l e .  This may r e s u l t  
in  p ro d u c t- la y e r  d if fu s io n  c o n tro l.
According to  Levenspiel (1972), th e  sh r in k in g  core  model w ith  d if fu s io n  
through th e  product la y e r  as th e  c o n tro l l in g  mechanism can be expressed 
in  term s o f th e  conversion , X, as:
Table 4 .1  A nalysis o f  s p h a le r i te  leach  re s id u e .
Element Mass % Mass % Mass i
m easured1 c a lc u la te d 2 unleashed1
42,4 41,4 49.7
S° 10,1 10,02
s 2- 25,1 20,3 27,5
1,43 1,42 1,80
6,84 8,60 10,09
1 In  re s id u e .
1 Based on s o lu t io n  an a ly ses . 
1 Data from ta b le  3 .2 .
1 -  2/3X -  (1 -  X)2 /3 »  k t  4 .1
where X = 1 -  M/Me
k = a r a te  c o n s ta n t;
fo r  sp h e r ic a l p a r t i c l e s .  F igu re  4 .1 ,  a p lo t  o f th e  le f t -h a n d  s id e  of 
equa tion  4 .1  a g a in s t tim e , i l l u s t r a t e s  th a t  th e  c o n tro l l in g  mechanism 
might be d if fu s io n  th rough th e  product la y e r  in  th e  f i r s t  30 m inutes, but 
t h i s  ra p id ly  d e v ia te s  from th e  p re d ic te d  s t r a ig h t - l i n e  b ehav iou r. The 
i n i t i a l  r a t e  o f le ach in g  was s tu d ie d  more c lo se ly  in  th e  
■onstan t-tem perature  b a th  equipment and th e  r e s u l t s  from t h i s  examination 
are  analysed in  s e c tio n  4 .1 .4 .
A mechanism o th e r  than  p ro d u c t- lay e r  d if fu s io n ,  such os th e  form ation of 
a coa t th a t  com pletely p ro te c ts  th e  p a r t i c l e  core  from th e  ox idan t is  
dominant in  t h i s  c a se .
iti.O 70.0 330, 190. 250, 310.
11 m.a I m  n I
F igu re  4 .1  D iffu s io n  through  produc t la y e r  p lo t  fo r runs 39, 40 , and 42.
C ond itions: 80*C; unscreev .rt 2nS; 8,95 g /1 t o t a l  i r o n ;
450 RPM; 2 g /l  ZnS; 0.1H H,S0&.
Run 39: 3 ,5  g /1 ; 40: 6 ,0  g /1 ; 42: 6,85 g /1 F eC III).
4 .1 .2  E ffec t o f ag ita tio n .
The e f f e c t  o f a g i ta t io n  on th e  leach in g  r a t e  o f Black Mountain s p h a le r i te  
was te s te d  and th e  r e s u l t s  a re  rep o rted  in  s e c tio n  3 .4 .1 ,  and p lo t te d  as 
f ig u re  3 .3 . These r e s u l t s  show an in c re a se  in  r a te  fo r  an in c re a se  in  
s t i r r e r  speed fo r  th re e  runs a t  210, 290 and 400 RPM. For ano th e r run a t  
615 RPM th e  i n i t i a l  r a t e  was th e  same as th a t  a t  400 RPM, b u t th e  r a te  
dropped d ra m a tic a lly  a f t e r  t h a t ,  c le a r ly  in d ic a tin g  th a t  p a s s iv a t io n  i s  
enhanced by h ig h e r a g i ta t io n ,  Jan e t  aJ (1976) a t t r ib u te d  th e  dependency 
o f  th e  r a t e  on a g i ta t io n  to  th e  o x id a tio n  o f HaS ffX hei a t  th e  su rfa c e  
o f  th e  p a r t i c l e  by f e r r i c  ion  ( r e f e r  t o  equa tion  J I t  i s  conceivable  
t h a t  a t  lower s t i r r e r  speeds a no n -o x id a tlv e  d is s o lu tio n  occu rs , w hile 
a t  h ig h e r s t i r r e r  speeds a d i r e c t  o x id a tio n  mechanism forms a d if f e r e n t  
ty p e  o f  su lphur, which p a s s iv a te s  th e  m a te r ia l .  This i s  a more d i f f i c u l t
p ro p o s itio n  to  t e s t  u sing  th i s  experim ental design  s in ce  th e  o v e ra ll  
products o f both re a c tio n  mechanisms a re  th e  same. N either S co tt and N icoi 
(1978) nor Verbaan (1977, 1980) no ted  any dependence on a g i ta t io n ,  and 
th i s  was as su rp r is in g  a r e s u l t  as th e  in h ib i t io n  o f th e  re a c tio n  i t s e l f .
4 ,1 .3  E ffect o f te m p era tu re .
The e f f e c t  o f tem pera tu re  was te s te d ,  and th e  r e s u l t s  a re  rep o rted  in  
se c tio n  3 .4 ,1 ,  snd p lo t te d  as f ig u re  3 .4 . Comparison o f two s e t s ,  one a t  
a highex f e rx ic  ion  c o n cen tra tio n  and lower s t i r r e r  speed (runs 58 and 
5 9 ), and th e  o th e r  a t  a lower f e r r i c  ion  c o n cen tra tio n  and h igher s t i r r e r  
speed (runs 62 and 63 ), in d ic a te  th a t  w hile  th e re  i s  an in c re a se  in  i n i ­
t i a l  r o te  fo r  an in c re a se  in  tem p era tu re , th e  r a te s  a f te r  about 15 mins. 
a re  comparable. This i s  in d ic a t iv e  o f chem ical re a c tio n  o r d if fu s io n  
through a product la y e r  c o n tro l in  th e  i n i t i a l  s tag es  o f r e a c tio n .  The 
r e s u l t s  a t  h igher s t i r r e r  speeds confirm  th e  r e s u l t  rep o rted  in  s e c tio n
4 ,1 .2  th a t  p a s s iv a tio n  i s  enhanced a t  h igher s t i r r e r  speeds. I t  i s  d i f ­
f i c u l t  to  meke any conclusions as to  th e  n a tu re  o f th i s  p a s s iv a tio n  
mechanism from th o se  r e s u l t s .
4 .1 .4  A nalysis o f th e  Initial ra te s  of leaching .
Leaching experim ents in  th e  co n s tan t-tem pora tu re  b a th  equipment were 
undertaken  in  o rd e r to  examine th e  i n i t i a l  r a te s  and to  m onitor th e  redox 
p o te n t ia l .  These r e s u l t s  a re  p re sen ted  in  s e c tio n  3 .4 ,1 .  A p lo t  f i t t i n g  
th e  l e f t  hand s id e  o f equation. 4 .1  a g a in s t tim e fo r  t h i s  d a ta  i s  p re sen ted  
as f ig u re  4 .2 .  A s t r a ig h t  l in e  i s  observed, in d ic a t iv e  of d if fu s io n  
through th e  product la y e r  being th e  c o n tro l l in g  s te p  in  th e  i n i t i a l
s tag es  o f re a c t io n .  The slope i s  dependant on th e  fe rro u s  ion  concen­
t r a t i o n  fo r  co n s tan t f e r r i c  ion c o n c e n tra tio n s , and th e re fo re  th e  i n i t i a l  
r a te  i s  dependant on th e  d if fu s io n  o f uneomplexed f e r r i c  ions through the 
su lphur la y e r .  However, in c re a s in g  th e  f e r r i c  ion c o n cen tra tio n  or th e  
s t i r r e r  speed r e s u l t s  in  lower conversions. This d e f ie s  an ex p lan a tio n  
in  term s o f s p h a le r i te  re a c tio n  k in e t ic s  proposed in  t h i s  s tudy  o r in  the  
l i t e r a t u r e ,  and again  p o in ts  to  th e  form ation  o f an im pervious product 
la y e r  on th e  su rfa c e  o f th e  p a r t i c l e .  The observed  dependence of th e  i n ­
i t i a l  r a t e  on d if fu s io n  through a product la y e r  i s  probably due to  th e  
form ation o f an im pervious product la y e r  on th e  su rfa c e  r e s u l t in g  in  
p a s s iv a tio n .
S
F igu re  A.2 D iffu sio n  throng.-, '...uduet la y e r  p lo t ,  in d ic a tin g  th e  e f f e c t  
o f an in c rea se  in  F a ( I H ) ,  F e ( I I ) ,  and a g i ta t io n .
C ond itions: 50°C; SjC-'l ZnS; +74 -105 pm; 0.12M HaS0
FI 0.107M F c d W , u.OOOlM F e ( I I ) , BOO
14 0.103M F e ( I l I ) , 0 .0MM F e ( I l ) , 800
F5 0.102M F o ( l I I ) , 0 ,010H F e d : ) , RPM
F13 0.323M F e ( I I I ) , 0.005M F e ( I I ) , RPM
F19 0 , 125M F o ( t l l ) 0.0005M F e ( l l ) , RPM
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M onitoring th o  redox p o te n t ia l  d id  n o t il lu m in a te  th e  problem , s in c e  i t  
follow ed th e  e x te n t o f re a c tio n  very c lo se ly . The k in e t ic s  proposed fo r 
t h i s  re a c tio n  in  ch ap te r 2 cannot be v e r i f ie d  by m onitoring th e  redox 
p o te n t ia l  d u ring  a batch  leach , s in c e  th e  redox p o te n t ia l  rep re se n ts  both 
th e  d r iv in g  fo rce  fo r  r e a c tio n ,  and th e  e x ten t o f re a c tio n .
4 .2  A nalysis o f leaching d a ta  fo r  G am sberg sp h a le r ite .
Vorbaan (1980) leached a n a tu ra l  s p h a le r i te  c o n cen tra te  from th e  Gamsberg 
d e p o s it in  th e  Cape and re p o rte d  d a ta  th a t  th e  model deriv ed  in  chap ter 
2 can be f i t t e d  to .
The param eters fo r  th e  model p re sen ted  in  s e c tio n  2 .1 .3 ,  th a t  i s ,  equa tion  
2 .31 , in c o rp o ra tin g  th e  p re d ic t io n  o f th e  redox p o te n t ia l  by subprogram 
EQUILj a re  e s tim ated  by an o rd in a ry  le a s t  squares c r i t e r io n ,  in  which th e  
sum o f  squared  d if fe re n c e s  between th e  measured co n cen tra tio n  d a ta  and 
th e  mode) ''o d i c t i o n  ore m inim ised. S ince t h i s  model has only two param-
K, th e  r a te  co n stan t (mol/m1min)i
k ' = (1"8 ,)?/R T , th e  symmetry c<"«ian t (V-5 );
a diagram of th e  sum o f soyared  d iffus-inees su rface  can be drawn as a 
contour p lo t  to  i l l u s t r a t e  th e  minimi-'-. F igu re  4 .3  i l l u s t r a t e s  th i s  s u r ­
face  fo r  d a ta  measured by Vorbaan 0  ,k : (o r  h is  d a ta  s e t s  fou r to  n in e . 
The is la n d s  p re se n t along th e  micimvt. n -« duo to  in te rp o la t io n  e r ro r  from
th e  contour p lo t t in g  ro u tin e ,  and should ra th e r  be jo in ed  to g e th e r  as a 
c lo sed  banana shape,
This diagram i l l u s t r a t e s  a v a lle y  o f alm ost equal depth in  th e  sum of 
squares  su r fa c e , and a choice o f any s e t  o f param eters along th e  bottom 
o f  th e  v a lle y  w il l  y ie ld  a f i t  th a t  i s  alm ost as good as any o th e r . 
However, th e re  i s  a shallow  minimum which has been obta ined  by u s in g  a 
golden se c tio n  search  on th e  param eter K a t  v a rio u s con stan t values of 
k 1. These r e s u l t s  a re  p re sen ted  in  Appendix I .
This banana shape and th e  d i s t i n c t  minimum in d ic a te  a s l ig h t  l in e a r  de­
pendence o f th e  s e n s i t i v i t y  c o e f f ic ie n ts ,  which a re  th e  p a r t i a l  d e r iv a ­
t iv e s  o f th e  model equa tion  w ith  re sp e c t to  th e  model param eters (Beck 
and A rnold, 1977). I f  th e  s e n s i t i v i t y  c o e f f ic ie n ts  were l in e a r ly  depen­
dan t, th e  v a lle y  would be e q u a lly  deep , and th e re  would be no unique 
minimum. This in d ic a te s  c i th e r  th e  model i s  n o t very good a t  d e sc r ib in g  
th e  experim ental d a ta ,  o r th e  d a ta  has n o t been se le c te d  over a wide 
enough range, in  much th e  same way as a poor estim a te  o f th e  a c t iv a t io n  
energy w il l  be o b ta ined  from r a t e  d a ta  i f  th e  tem pera tu re  range i s  too  
sm a ll. The more l ik e ly  event fo r  t h i s  model i s  th a t  th e  range o f i n i t i a l  
redox p o te n t ia ls  i s  n o t la rg e  enough, a lthough  th i s  i s  n o t n e c e s sa r ily  
th e  ca se , The measured redox p o te n t ia l  ranged between 420 mV and 540 mV 
Ag/AgCl. I f  t h i s  model i s  t o  be  te s te d  tho rough ly , th e  experim ents must 
be conducted over a g re a te r  range o f redox p o te n t ia l s .
The confidence reg ion  i s  ob ta ined  from th e  lik e lih o o d  r a t i o ,  given by Bock 
an Arnold (1977) as :
(Ss - R r)(n  -  p )/(R rp )  = F 1. a (p ,n -p )  4 .2
where p °  number o f  p aram eters;
F igu re  4 ,3  Sum o f squared d iffe re n c e s  su rfa c e  fo r  Gamsberg leaching  
r e s u l t s  w ithou t oxygen in d ic a tin g  th e  v a lle y  in  the 
s u rfa c e . The minimum occurs along th e  shaded r id g e .
The f i r s t  contour i% a t  a sum o f s q ia ie s  v a lu e  o f 1,15x10*® 
and th e  le v e ls  r i s e  in  s top  o f 1,5x10 5 above th a t .
n a  number of d a ta  p o in ts ;
Rr = minimum sum o f squares;
Ss = 1-a confidence contour le v e l;
F » F d is t r ib u t io n ,
From th is  th e  t)5% confidence contour lev e l is  c a lc u la te d  as the  
1,556x10 ^ le v e l .  This corresponds c lo se ly  to  th e  second lev e l on f ig u re
4 .3 ,  th a t  i s  th e  1,615x10 ^ le v e l .  The 95% confidence reg ion  i s  shaded 
in  on f ig u re  4 The values o f th e  param eters a t  th e  b e s t f i t  a re :
K « 0,1956 x 10"9 mol/m2min;
k ' = 17,3 V*1.
The param eter f i t  i s  d isp lay ed  in  f ig u re  4 .4 . The p o in ts  re p re se n t th e
measured d a ta  and th e  l in e s  c a lc u la te d  by th e  model u s in g  th e  b e s t - f i t
p a ram e te rs . The conversion  a t  tim e t=0 rep re se n ts  th e  amount o f zinc 
ox ide lay e r leached b e fo re  s p h a le r i te  leach in g  occu rs . This diagram i l ­
lu s t r a te s  th a t  the model, d e s p ite  th e  problems mentioned above, does f i t  
th e  experim ental r e s u l t s  w e ll.  F igu re  4 .5  rep re se n ts  a lo g - lo g  p lo t  o f 
th e  measured i n i t i a l  r a t e  o f re a c tio n  a g a in s t th e  measured redox p o ten ­
t i a l ,  in d ic a tin g  th a t  t h i s  model i s  em p ir ic a lly  sound. The slo p e  o f th e  
s t r a ig h t  l in e  has a Uua o f 15,6 V * which corresponds w ell to  th e
b e s t - f i t  value o f k 1 o f 17,3 V*1 .
The value o f 6, in  th e  param eter k ’ was assumed to  be co n s tan t w ith  tem­
p e ra tu re ,  and thus th e  value o f k ‘ a t  tem pera tu res o th e r than  65°C was 
c a lc u la te d . Using v a lues  o f k 1 c a lc u la te d  in  t h i s  way, th e  param eter K 
was f i t t e d  u sing  a golden se c tio n  sea rch  fo r  d a ta  s e ts  24, 25 and 26 o f 
V erbaan 's work a t  25, 45 and 85eC r e s p e c tiv e ly .  These r e s u l t s  a re  p re ­
sen ted  in  Appendix I .  P lo t t in g  th e  A rrhenius diagram fo r  th e se  r a t e  con­
s t a n t s ,  an a c tiv a tio n  energy o f  79,4 kJ/m ol was ob ta ined
F igure 4 .4  Equation 2.31 f i t t e d  to  Gaosberg leaching  d a ta  fo r  param eters 
a t  th e  minimum sum o f squares fo r  in c reas in g  f e r r i c  ion 
co n c e n tra tio n s . C onditions a re  65eC; 0 , 1M su lp h u ric  a c id ; 
0,038M F e ( I I ) ,  The i n i t i a l  conversion  is  due to  th e  ZnO la y e r .
T h e r e fo r e  t h e  le a c h in g  o f  G am sberg s p h a l e r i t e  i s  w e l l - d e s c r ib e d  by  th e  
f o l lo w in g  e x p r e s s io n :
-  5 1 =  390,3exp(-79,4/R T) A, (M/M„)2 /3exp(0,504SEh/RT) 4 .3
I F ,  I  f ( l e ) / ( p l 0) d l ,
A0 was measured by Verbaan (1980) u sin g  a BET su rface  a rea  techn ique e 
had a value o f 7,355 m1 fo r a 5g s p h a le r i te  sample leached.
4 .3  R esu lts  from th e  m ineralogical s tu d y ,  and  d iscussion .
The main d iffe re n c e  between th e  s p h a le r i te  from Black Mountain and th a t  
from Gamsberg, which leached to  alm ost 101% conversion  o f z in c ,  i s  th e  
amount o f lead . The Gamsberg d e p o s it assays 7,4% Zn and 0,5% Pb, w hile  
th e  corresponding  values fo r  th e  Black Mountain d e p o s it a re  2,2% Zn and 
3 ,0  -  4,5% Pb (Hammerbeck and M ehliss, 1976). Examination o f th e  chem ical 
com positions o f th e  co n c e n tra te s , g iven  in  s e c tio n  3 .1 .*  and by Verbaan 
(1980), in d ic a te  th a t  th is  i s  th e  ca se . The Gamsberg co n cen tra te  assays 
0,47% Pb, w hile  th e  Black Mountain c o n cen tra te  assays 2,95% Pb.
T his suggests th a t  th e  mechanism fo r  p a s s iv a tio n  could be th e  form ation  
o f an in so lu b le  coa t o f PbS0& on th e  s u rfa c e  o f th e  p a r t i c l e  which would 
p rev en t any fu r th e r  r e a c tio n .  Samples o f  leach  re sid u es from runs 39 and 
42, to g e th e r  w ith  an unleached sam ple, were subm itted  fo r  m in e ra lo g ica l
o) I m V)
F igu re  4 .5  I n i t i a l  r a te  of leach in g  a g a in s t th e  measured redox p o te n t ia l  
fo r Gamsberg s p h a le r i te .  Data tak en  from Verbaan (1980).
a n a .y s is .  These r e s u l t s  in d ic a te d  th a t  w hile PbSO* does form, i t  i s  con­
ta in e d  to  th e  reg ions above th e  PbS d e p o s its .  This i s  c le a r ly  i l l u s t r a t e d  
in  f ig u re  4 .6 .
The form ation of an im pervious su lphur lay e r could  i n h ib i t  th e  r e a c tio n .  
N a ttra ss  (1985), in  a p erso n a l communication, d e sc r ib e d  a s im ila r  problem 
in  which about 40% o f  th e  z in c  from Black Mountain m a te r ia l  remained 
unleashed . The re s id u e  was th en  tr e a te d  in  a Soxh le t appara tu s  w ith  
pe rch lo roe thy lene  to  remove th e  su lphur la y e r , and subsequent leaching  
was s t i l l  in h ib i te d .  On m inera log ica l in v e s t ig a t io n ,  elem ental su lphur 
was s t i l l  found on th i s  m a te r ia l .  He proposed th a t  t r a c e  heavy m etals 
could contam inate th e  su lphu r la y e r , lower th e  m e ltin g  p o in t , and thereby  
ac t as a p a s s iv a tio n  mechanism.
F igure 4 .6  The form ation  o f PbSO* above th e  ga lena  d e p o s it .
B ac k -sc a tte r  e le c tro n  image showing th e  occurrence of 
a n g le s i te  (1) r e la te d  to  a galena in tru s io n  (2) in  
s p h a le r i te .
Ktizminkh and Yakoutova (1950) leached two m in e ra lo g ica lly  d if f e r e n t  na­
tu r a l  s p h a le r i te s ,  They rep o rted  th a t  th e  s p h a le r i te s  leached ac s im ila r  
i n i t i a l  r a te s  under equ iv a len t c o n d itio n s . However, fo r  s im ila r  cond i­
t io n s ,  an excess o f 80% conversion  was achieved fo r  th e  one, w hile  only 
33% was o b ta ined  fo r  th e  o th e r . They proposed th a t  th e  f in e  in te rg ro w th  
o f d if f e r e n t  m in e ra ls  was such th a t  th e  ZnS was combined in  a s o l id  s o l ­
u tio n  as a complex ZnFeS1 compound, which would be s ta b le  in  a c id ic  f e r r i c  
su lp h a te  media.
O ther m etal su lp h id es  a re  known to  p a s s iv a te .  Wadworth (1972) rep o rted  
th a t  c e v e l l i t e  (CuS) re a w e d  ra p id ly  i n i t i a l l y ,  b u t soon d ecreased . He 
a t t r ib u te d  t h i s  to  th e  bu ild -u p  o f elem ental su lp h u r. In th e  d iscu ss io n  
o f th e  k in e t ic s  o f c h a lc o p y rite  (CuFeS2) d is s o lu t io n ,  he s ta te d  th a t  th e  
p a ra b o lic  k in e t ic s  suggested  d if fu s io n  through th e  product lay e rs  as th e  
c o n tro ll in g  mechanism. I f  th e  re a c tio n  was e lec tro ch em ica l, t h i s  would 
mean th a t  th e  pores would have t a  be sm all. He a lso  suggested  th a t  dehy­
d ra tio n  o f th e  d if fu s io n  ions, o r flow o f polym eric su lphur u n i ts  might 
be invo lved . P a rk e r, Paul and Power (1981) observed th a t  a su rface  film  
forms on c h a lc o p y rite , and slows th e  tra n s p o r t  o f io n s . They proposed th a t  
t h i s  f i lm  i s  a m e ta l-d e f ic ie n t p o ly su lp h id e , such as CuFeSi,.
The X -ray a n a ly s is  in d ic a te d  th a t  th e  d i s t r ib u t io n  o f Fe and Zn in  th e  
s p h a le r i te  g ra in s  was norm al, and th a t  a s u b s ta n t ia l  lay e r o f  su lphur 
coated  th e  p a r t i c l e .  However, i t  i s  d i f f i c u l t  to  determ ine w hether any 
o f th e  above-mentioned causes could be o ccu rrin g . To continue any a n a ly s is  
and work in  t h i s  a rea  i s  beyond th e  scope o f th i s  work,
The i n i t i a l  r a te s  a re  increased  by in c rea se  in  f e r r i c  iotx co n cen tra tio n  
( f ig u re  4 .1 ) ,  a g i ta t io n  ( f ig u re  4 .3 ) ,  tem perature  ( f ig u re  4 .4 ) ,  and oxy­
gen c o n cen tra tio n  ( f ig u re  4 .7 ) .  These r e s u l t s  a re  a l l  com patible w ith  the 
r e s u l t s  ob ta ined  and th e  k in e t ic s  proposed by Jan  eC al (1976). However, 
an in c re a se  in  f e r r i c  ion co n cen tra tio n  and a g i ta t io n  ( f ig u re  4 .4  and 4 .5 ) 
beyond a c e r ta in  le v e l r e s u l te d  in  enhanced p a s s iv a tio n . The mechanism 
o f t h i s  p a s s iv a tio n  i s  n o t known, b u t i s  probably  r e la te d  to  th e  form ation 
o f a m etal p o ly su lp h id e , o r contam ination  o f th e  elem ental su lphu r lay e r 
such th a t  i t  forms a molten coa t around th e  p a r t ic le .
; In  conc lusion , a lthough th e  Black Mountain s p h a le r i te  leach in g  mechanism
may in co rp o ra te  an e lec tro ch em ica l s te p , i t  appears th a t  th e  p a ss iv a tio n  
. mechanism c o n tro ls  th e  r a t e .  On th e  o th e r  hand, under th e  co n d itio n s
i-. t e s te d ,  th e  Gamsberg s p h a le r i te  leach ing  appears to  be e lec tro ch em ica lly
Y r a t e  c o n tro lle d .
In  ch ap te r 5 th e  - e s u l t s  fo r  th e  fe rro u s  ion o x id a tio n  re a c tio n  a re  ana-
5. ANALYSIS OF EXPERIMENTAL F e ( l l )  OXIDATION RESULTS.
5.1 Determ ination of th e  second o rd e r  ra te  co n s tan t.
Based on th e  l i t e r a t u r e  reviewed in  s e c tio n  1 .1 .2  and th e  model p resen ted  
in  s e c tio n  2 .2 , th e  fe rro u s ion  o x id a tio n  re a c tio n  was assumed to  be 
second o rder in  fe rro u s  ion  c o n cen tra tio n  and f i r s t  o rd e r in  oxygen con­
c e n tra tio n .  This i s  expressed  by th e  r a te  equation :
t i [F e ( IH ) l  = -  k [F eC II)!2 5.1
d t
where k = kQ [02l/[H +]b exp(-Ea/RT)
In te g ra tio n  o f t h i s  fo r  con stan t {Oj], [H+] and tem perature , w . r . t .  tim e,
l / l F e ( l l ) )  = k t  + 1 /tF e C II ) ] ,  5 .2
where { F e (II) |o  * F e ( I I )  c o n cen tra tio n  a t  tim e t  = 0.
The second o rder r a t e  curve, th a t  i s ,  a p lo t  o f l / [ F e ( I I ) ]  a g a in s t tim e, 
w i l l  be a s t r a ig h t  l in e  i f  t h i s  i s  a second o rd e r r e a c tio n ,  and w i l l  be
curved in  th e  i n i t i a l  s tag es  o f th e  re a c t io n  i f  th e re  a re  any
ra a ss - tra n sfe r  e f f e c t s ,  The value o f k i s  determ ined from th e  slope of 
th i s  l in e  in  th e  reg ion  in  which th e  re a c tio n  i s  proposed to  be second
Both Iwai e t  al (1982) and Chmielewskl and Charewicz (1984) p re sen ted  
second o rd e r p lo ts  th a t  d ev ia ted  from th e  expected s t r a ig h t  l in e  in  th e  
l a t t e r  s tag es  o f  th e  re a c t io n  ( r e f e r  to  s e c tio n  1 .1 .2 ) .  T y p ica l r e s u l t s  
o b ta in ed  a re  i l l u s t r a t e d  in  f ig u re  5 .1 ,  and from th e  i n i t i a l  s t r a ig h t  l in e  
cu rves  i t  is  concluded t h a t  m a ss - tra n s fe r  i s  not im portan t a t  a s t i r r e r  
speed o f 450 rpm, and th a t  s im ila r  d e v ia tio n s  to  those rep o rted  by Iwai 
e t  al (1982) and Chmielewski and Charewicz (1984) a re  a lso  p re s e n t.  The 
v a lu es  o f  k were o b ta ined  from th e  i n i t i a l  slopes fo r  a l l  th e  o x id a tio n  
runs p re sen ted  in  Appendix F and a re  p re sen ted  in  Appendix J .
F ig u re  5 .1  Second o rd e r  p lo t  fo r  fe rro u s ion c o n cen tra tio n  
fo r  o x id a tio n  runs 32, 33, 34 and 35.
C ond itions: 21,75 g/1 t o t a l  iro n ; 0,25MHaSOu ; 450 RPM; 
32: 353®K; 4 ,5 b ar p (0 2) ;  33: 343°K; 4 ,5 b ar p (0 ? ) .
34: 333®K; l.O bar p(C „); 35: 3S3nK; 3 ,0bar p ( 0 ,) .
5 ,2  Dti:.-. n ‘’ance  of Fe(M ) oxidation  ra te  on hydro g en  Ion concen tra tio n .
The concen tra tio n  o f th e  hydrogen Ion, fo r  th e  d e te rm in a tio n  o f th e  
dependence o f  th e  r a t e  on th e  hydrogen io n , was a lso  c a lc u la te d  by th e  
subprogram EQUIL, and th e  concen tra tio n  o f oxygen in  s o lu t io n  was c a lcu ­
la te d  from th e  sem i-em pirica l equation  ^ re se n te d  by M arita , Lawson and 
Han (1963). The use o f th i s  c o r r e la t io n  i s  d iscu ssed  in  s e c tio n  2 .2 . A 
p lo t  o f th e  apparen t r a t e  co n s ta n t, k / (0 s ) , f o r  th e  o x id a tio n  r a te  da ta  
p re sen ted  in  Appendix J  a g a in s t th e  ca lc u la te d  hydrogen ion  concen­
t r a t i o n ,  [H*] on lo g -lo g  axes i s  a s t r a ig h t  l in e  w ith  slo p e  b. This p lo t 
i s  p re sen ted  as f ig u re  5 .2 ,  from which i t  can been seen th a t  th e  r a t e  is  
in v e rse ly  p ro p o rtio n a l to  th e  hydrogen ion  c o n cen tra tio n  to  th e  power 
0 ,3 6 . Keenan (1969) rep o rted  a s im ila r  v a lu e , th a t  o f 0 ,35 , w hile  Mathews 
and Robins (1972) rep o rted  a value o f 0 ,25 . This d e v ia tio n  can be a t ­
t r ib u te d  to  th e  way in  which th e  hydrogen ion concen tra tio n  i s  c a lc u la te d . 
Mathews and Robins (1972) measured th e  pH o f th e i r  sample a t  ambient 
tem p era tu re , and c a lc u la te d  th e  hydrogen ion  c o n cen tra tio n  from t h i s .  
T h e re fo re , th i s  r e s u l t  i s  in  agreement w ith  p rev ious re sea rch , and a value 
o f 0 ,35 was used in  subsequent c a lc u la tio n s .
5 .3  D ependence of F o (ll)  ox idation  ra ta  on tem p era tu re .
An A rrhenius p lo t ,  th a t  o f log (k (H *]/[0g ]) a g a in s t 1 /tem perature  has a 
slo p e  o f Rfl/R and an in te r c e p t  o f  lo g (k ^ ) . The A rrhenius p lo t  fo r th e  
fe rro u s  ion o x id a tio n  re a c tio n  i s  i l l u s t r a t e d  in  f ig u re  5 .3 .
From th e  slope  o f th e  A rrhenius diagram, th e  a c t iv a t io n  energy , Ea> i s  
68 ,6  kJ/m ol and th e  r a t e  c o n s ta n t, kQ, i s  1,248 x 10**, Table 5 .1  com-
10*,
Oxygen Pr
Figure 5 .2  Dependence o f  th e  F e ( I I )  o x id a tio n  r a t e  on (H ] c a lc u la te d  
by subprogram EQUIL, rep re sen tin g  o x id a tio n  runs 2-27 
in  ta b le  J .2 .
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Figure 5 .3  A rrhenius p lo t  fo r  F e ( I I )  o x id a tio n , fo r  a l l  ox id a tio n
p a re s  th e  r e s u l t s  o b ta ined  in  th i s  study w ith  th o se  re p o rte d  in  th e  l i t ­
e r a tu re .
T h erefo re , th e  i n i , .1 r a te  o f ox id a tio n  i s  de sc rib ed  by:
? l r e I n ) ). -  l ,2 4 e i :1 0 n [ r e ( I I ) ] 2 [02 J /[H 't ] , , ' 35 e x p ( - 6 8 l 6 /R I)  '5 . 3
I f  t h i s  re a c t io n  i s  to  be more thoroughly understood , a more d e ta ile d  
a n a ly s is  i s  r e q u ire d , p robably  studying  th e  form ation  o f iro n  complexes 
in  s o lu tio n ,  and th e  e f f e c t  th e se  complexes have on th e  o x id a tio n  r e ­
a c tio n .
Table 5 .1  Comparison o f fe rro u s  is u  o x id a tio n  k in e t ic  ex p ressio n s.
Authors K in e tic  aq ua tion  fo r  
d { F e ( I I I ) j /d t
Huffman & Davidson (1956) k5 [F e ( I I ) )p (0 2)
* k j t F . U D l ’pCOj)
67,9
Keenan (1969) kiF«2'l'l = ( 0 , ] l , 0 ‘ lH,|' l " 0135 94,1
Mathews & Robins (1972) M F ^ V ^ V j ^ V f 0 ' 25 73,7
Chmielewski
& Charewicz (1984)
56,9
Iw ai, liaj ima
& Awakwa (1962)
MF62V [ o, ]
<■ [S02"][F62V p ( 0 , ) 51.6
This study K tF « (H )l’ |0 ,] |H '1'] " 0 ' 36 66,6
6 . ANALYSIS OF EXPERIMENTAL LEACHING RUNS IN THE PRESENCE 
OF OXYGEN.
6.1 A nalysis of leaching of S lack  M ountain sp h a le rite  w ith oxygen 
p re se n t.
The r e s u l t s  fo r  th e  leach in g  o f Black Mountain s p h a le r i te  in  a c id ic  f e r r i c  
su lp h a te  media w ith  oxygen p re se n t a re  p re sen ted  in  s e c tio n  3 .4 .3 . These 
r e s u l t s  in d ic a te  th a t  th e  ad d itio n  o f oxygen to  th e  s p h a le r i te  leach ing  
system  r e s u l t s  in  h ig h e r i n i t i a l  r a te s ,  follow ed by th e  same f in a l  r a t e  
and p a s s iv a tio n  behaviour.
I t  i s  concluded th a t  th e  p a s s iv a tio n  behaviour observed fo r  Black Mountain 
s p h a le r i te  in  a c id ic  f e r r i c  su lp h a te  so lu tio n s  in  th e  absence o f oxygen, 
and d iscu ssed  in  ch ap te r 4 , a lso  occurs when oxygen i s  added to  th e  sys-
6 .2  P red iction  of G am sberg leaching  da ta  with oxygen  p re se n t.
The param eters ob ta ined  in  s e c tio n s  4 .2  and 5 .3 ,  th a t  i s ,  equa tions ' . 3  
and 5 .3 , were used d i r e c t ly  to  p re d ic t  th e  d a ta  p re sen ted  by Varbaaz. 
(1981) fo r  s p h a le r i te  leached in  th e  presence o f  oxygen and f e r r i c  ion . 
These r e s u l t s  are  p re sen ted  in  f ig u re s  6 .1  and 6 .2 . This s p h a le r i te  was 
th e  same Gamsberg m a te r ia l  rep o rted  in  V orbaan 's (1980) e a r l i e r  paper, 
th e  Leach param eters o f which ha*o been f i t t e d  in  s e c tio n  4 .2 . F igu re
6 .1  shows th e  curve fo r  th e  e x tra c tio n  o f s in e  as th e  re a c tio n  proceeds 
w ith  tim e, and f ig u re  6 .2  shows th e  way in  which th e  fe rro u s  and f e r r i c
t
s
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Figure 6 ,1  P re d ic tio n  of -he leaching  o f Gamsberg s p h a le r i te  in  the 
p resence o f  oxygen: z inc  e x tra c t io n .  C ond itions: 90°C 
116 kPa pCOi), 35 g/3 F e ( n i ) ,  200 g /1 ZnS.
P o in ts  a re  measured and ?ines a re  i . r -d ic te d ,
re a c tio n . The p o in ts  a re  th e  measured d a ta ,  and th e  l in e s  and th e  p re ­
d ic te d  cu rv es . The e x tra c t io n  o f z inc  in d ic a te d  a good f i t  over th e  e n t i r e  
curve, w hile  f ig u re  5 .4  show a d ev ia tio n  a t  about 60 m ins. .  However, fo r 
a p red ic ted  curve in  which th e  f e r r i c  ion  c o n cen tra tio n  changes dram at­
ic a l ly  and hence th e  d r iv in g  fo rc e , th e  redox p o te n t ia l ,  t h i s  i s  a s a t ­
is fa c to ry  r e s u l t ,  confirm ing tho  e lec trochem ica l p ro p o s itio n . Lack of 
such d a ta  p rev en ts  any m eaningful in te rp re ta t io n  to  be made about th e  
observed d e v ia tio n  a t  60 m ins..
The d is s o lu tio n  o f Gatnsberg s p h a le r i te  i s  w ell de sc rib ed  by th e  
e lec trochem ica l sh rin k in g  core model developed in  ch ap te r 2 and th e  
o v e ra ll  o x id a tio n  of fe rro u s  ion by oxygen in  th e  0 - 1 1  g /1  F e ( I I I )  
concen tra tio n  range i s  w ell described  by th e  p ro p o s itio n s  made in  chapter 
2 , and conforms w ell w ith  th e  r e s u l ts  rep o rted  p rev io u s ly  ( ta b le  5 .1 ) .
The sim ultaneous s o lu t io n  o f r a t e  equations 4 ,3  and 5 .3  d e sc r ib e s  th e  
leach in g  o f  Gamsberg s p h a le r i te  in  th e  p resence of oxygen s a t i s f a c to r i l y  
( f ig u re s  6 .1  and 6 .2 ) .  From th i s  i t  i s  in fe r re d  th a t  th e  d is s o lu t io n  o f 
Gamsberg s p h a le r i te  is  c o n tro lle d  by an e lec tro ch em ica l re a c t io n  a t  the 
p a r t i c l e  su rfa c e .
F igu re  6 ,2  P re d ic tio n  o f  th e  leach in g  of Gamsberg s p h a le r i te  in  the  
p resence o f oxygen; changes in  th e  iron  c o n c e n tra tio n s , 
fo r  th e  same run as f ig u re  6 .1 ,
C ond itions: 90oC, 116 kPa p (02) ,  35 g /1 F e ( I I I ) ,
200 g /1  2nS. P o in ts  a re  measured and l in e s  a re  p re d ic te d .
7. CONCLUSIONS AND RECOMMENDATIONS.
A review o f  th e  l i t e r a t u r e  suggested  th a t  th e  k in e t ic s  o f  th e  d is s o lu tio n  
o f s p h a le r i te  a re  dependant on th e  typo o f s p h a le r i te  being  leached. Every 
g en e ra l category  o f  r a t e  * ce n tro 11ing mechanism has been proposed, Even 
though th e  re a c tio n  a t  th e  su rfa c e  i s  thought to  be e lec trochem ica l in  
n a tu re , a model in co rp o ra tin g  th i s  p ro p o s itio n  as th e  r a te - c o n tro l l in g  
s te p  has n o t been, proposed fo r  th e  leach ing  o f s p h a le r i te .  Much of th e  
re se a rc h  rep o rted  has been o f a q u a l i ta t iv e  n a tu re , w ith  perhaps two 
o x id an ts , oxygen and f e r r i c  io n , p re se n t in  so lu t io n .  A review o f the  
l i t e r a tu r e  fo r  fe rro u s  su lp h a te  o x id a tio n  by d isso lv ed  oxygen in d ic a te d  
th a t  th e  re a c tio n  occurs in  a complex fa sh io n , w ith  th e  consequence th a t  
s e v e ra l k in e t ic  ex p ressio n s have been proposed. G eneral agreement is  th a t  
th e  re a c tio n  was second o rd e r  in  fe rro u s ion  co n cen tra tio n , a t  le a s t  a t  
low conversions to  f e r r i c  io n , and f i r s t  o rd e r  in  oxygen concen tra tio n . 
The ro le  o f th e  hydrogen ion is  a d isp u ted  p o in t.  (R efer to  chap ter 1 ).
Experim ental work was undertaken  usin g  a n a tu ra l  s p h a le r i te  from th e  Black 
Mountain o re  d e p o s it to  ( i )  t e s t  th e  e lec trochem ica l p ro p o s itio n  fo r  the 
d is s o lu tio n  o f s p h a le r i te  in  th e  absence o f oxygen, ( i i )  o b ta in  a r e l ia b le  
exp ression  fo r  th e  fe rro u s  ion o x id a tio n  re a c t io n ,  and ( i i i )  t e s t  th e  
p ro p o s itio n  th a t  leach in g  in  th e  presence o f oxygen is  d escribed  by th e  
sim ultaneous so lu tio n  o f bo th  k in e t ic  exp ressions found in  ( i )  and ( i i ) .  
These p ro p o s itio n s  were a lso  te s te d  u sing  d a ta  from th e  l i t e r a tu r e ,  (Refer 
to  chap te rs  2 and 3 ) .
The Black Mountain s p h a le r i te  was leached under d if f e r e n t  co n d itio n s of 
f e r r i c  ion co n c e n tra tio n , a g i ta t io n ,  tem pera tu re , and oxygen p a r t i a l  
p re s su re . P ass iv a tio n  occu rred  in  a l l  sam ples, r e s u l t in g  in  an maximum 
conversion  o f about 60% fo r  z in c . This p a s s iv a tio n  i s  n o t caused by th e  
form ation o f an in so lu b le  PbS0„ lay e r on th e  p a r t i c l e ,  b u t is  probably
r e la te d  to  th e  form ation o f  a ZnFeS2 complex, o r a s im ila r  po ly su lp h id e , 
such as ZnFeS*, which i s  s ta b le  in  a c id ic  f e r r i c  su lp h a te  media. A more 
thorough in v e s t ig a t io n  o f t h i s  phenomena i s  re q u ire d . (Refer to  s e c tio n  
4 ,3 ) .  Because o f th e  p a s s iv a tio n  behaviour ex h ib ite d  by Black. Mountain 
s p h a le r i te ,  no attem pt was made to  f i t  a model to  th e  leach ing  d a ta .
The leach in g  o f  s p h a le r i te  from th e  Gamsberg o re  d ep o s it in  th e  absence 
o f oxygen i s  rep o rted  in  th e  l i t e r a t u r e ,  and th i s  d a ta  i s  w ell d escribed  
by th e  e lec tro ch em ica . model developed in  chap te r 2. The k in e t ic s  o f th is  
d is s o lu t io n  a re  th e re fo re  c o n tro lle d  by an e lec tro ch em ica l re a c tio n  oc­
c u rr in g  a t  th e  s u rfa c e  o f th e  p a r t i c l e .  (Refer to  s e c tio n  4 ,2 ) .
The o x id a tio n  o f fe rro u s su lp h a te  by d isso lv ed  oxygen was examined, and 
i s  w e ll d escribed  in  th e  i n i t i a l  s tag es  of r e a c tio n ,  th a t  i s ,  in  th e  0 - 
11 g /1  f e r r i c  ion c o n cen tra tio n  range, by second o rd e r k in e t ic s  w ith  r e ­
sp ec t to  fe rro u s  ion c o n c e n tra tio n , and f i r s t  o rd e r  k in e t ic s  w ith  re sp ec t 
to  oxygen co n cen tra tio n . The dependence o f th e  r a te  on th e  hydrogen ion 
co n cen tra tio n  i s  p ro p o rtio n a l to  th e  power -0 ,3 6 , and th e  a c t iv a t io n  en­
ergy i s  66,6 kJ/m ol. This i s  in  good agreement w ith  se v e ra l au tho rs  ( re fe r  
t o  ta b le  5 .1 ) .  A more thorough in v e s t ig a t io n  o f t h i s  re a c tio n  i s  req u ired  
in  th e  h igher f e r r i c  ion  c o n cen tra tio n  reg ion  where th e  r a t e  d e v ia te s  from 
second o rd e r k in e t ic s  w ith  re sp e c t to  fe rro u s  ion  c o n cen tra tio n .
The leach in g  o f  th e  same Gamsberg m a te r ia l  in  th e  p resence o f oxygen and 
fe rro u s  su lp h a te  i s  w e ll d e sc rib ed  by th e  sim ultaneous s o lu tio n  o f th e  
d i f f e r e n t i a l  equations d e sc r ib in g  th e  in d iv id u a l p ro cesse s , in d ic a tin g  
th a t  th e  f e r r i c  ion i s  re sp o n s ib le  fo r  leach in g , and th e  oxygen i s  r e ­
sp o n sib le  fo r th e  reg en e ra tio n  o f th e  f e r r i c  ion . ( r e f e r  to  s e c tio n  6 .2 ).
The d if fe re n c e s  between th e  leach ing  c h a ra c te r i s t ic s  o f th e  two d if f e r e n t  
sp h a le r i te s  emphasises again  how import an- th e  n tln era lo g lca l fa c to rs ,  
such as g ra in  s i z e ,  lead  co n ten t, and o th e r  t ra c e  m etals and m inera ls , 
a re .  An in v e s t ig a t io n  o f th e  e f f e c ts  o f th e se  types o f f a c to rs  i s  recom­
mended .
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APPENDIX A.
E quilib rium  co n s ta n ts  fo r  th e  f e r r i c  fe rro u s su lp h a te  complexing r e ­
a c tio n s .
Equation E q u ilib riu m  co n s tan ts  ( a f te r  Dry, 1984) 
293 -  363 eK
2.23 a
2.23 b
2.23 c
2.23 d
2.23 f
2.23 g
0
exp(33,334 - 7629,9/T)
0
exp(-90Q,421 + 39110,926/T + 136,6261og(T)) 
10**(3,339 - 337,37/T) 
exp(30,692 - 7290,4/T)
The s t a b i l i t y  c o n s ta n t fo r  equa tion  2,23  e ( th a t  i s ,  f o r  th e  HSO  ^ spec ie ) 
i s  c a lc u la te d  from th e  c o r r e la t io n  given by P i tz e r  e t  a l  (1977).
The s t a b i l i t y  c o n s ta n t fo r  equation  2.23  h i s  c a lc u la te d  from th e  r e s u l ts  
rep o rted  by Naumov, Ryzhenko, and Khadakovsky (1974) who gave a value of 
2,38 fo r  pK, and a v a lu e  o f  0 ,63 + /-  0 ,02 kcal/m ol fo r  Ml6 a t  ze ro  io n ic  
s tre n g th .  From th e  Gibbs-Helm holtz equation :
dln(K )/dT = AHe/RT* 4.1
K = 102 ,38oxp(l,0672  - 318,18/T) A.2
fo r  th e  s t a b i l i t y  c o n s ta n t o t  th e  sp ec ie  ZnSOk
S hrinking  co re  model d e r iv a tio n ,  th e  red u c tio n  o f f e r r i c  Ion by non-zinc 
su lp h id ie  m a te r ia l ,  and th e  e f f e c t  o f th e  ZnO la y e r  on th e  p a r t i c l e  su r-
B.1 S h rin k in g  co re  model d e riv a tio n .
The g en e ra lis e d  sh rin k in g  co re  ex p ressio n  fo r  a s in g le  p a r t i c l e  
(L evensp ie l, 1972) I s :
The nom enclature used In  t h i s  appendix i s  defined  in  th e  te x t  and in  th e  
l i s t  o f nom enclature on page x i .  D efin ing  th e  molar d en s ity , P, as:
P = m , / ! , 1 ■ m/1' B-2
where 1 i s  defin ed  by I 1 = volume. R e-arranging  B.2:
1= -  B.3
D efin ing  th e  shape fa c to r  as:
T = a /1 1 B.4
S u b s titu tin g  in  B ,l:
: -  K y ( m l ,V m ,) 2 /3  <|
Now, i f  F6 i s  th e  t o t a l  i n i t i a l  mass o f a l l  s p h a le r i te  p a r t i c l e s ,  and Me 
i s  th e  t o t a l  i n i t i a l  moles o f z in a  in  a l l  th e  s p h a le r i te  p a r t i c l e s ,  th in  
th e  number o f p a r t ic le s  leached i s :
where p i s  th e  mass d e n s ity . Then
The sh rin k in g  core model fo r  a l l  th e  p a r t ic le s  in  a p a r t ic u la r  s iz e  c la ss
dnm = - K n Y(ml,, /m ,)2 /3 f 3 .9
where th e  shape fa c to r  is  an average shape fa c to r  fo r  a l l  th e  p a r t ic le s .
dM = - K n n e1(M/M,)2/3 * B.10
d t
S u b s t i tu t in g  B,7 in to  B. 10•.
I f  t h i s  inc ludes a p a r t i c l e  s iz e  d i s t r ib u t io n  then:
I f  M, Ma and Fa a re  fu n c tio n  o f 1 , and th e  e x te n t o f re a c tio n  fo r  a p a r ­
t i c u l a r  s iz e  f r a c t io n  i s :
e ( lg )  = M ,(l„) -  M(l) B.14
f e l l . )  = K » F . ( l . )  (1 - . a . ) / a , t l , ) ) ; / 3 » B. 'S
d t  pig
I f  6 (1 ,)  i s  th e  i n i t i a l  mass f r a c t io n  o f z in c  m a te r ia l  in  c la s s  1 , ,  then :
M id i)  = 6<li)M , B. 16
M l i )  ■ 6 d , ) i ,  B. 17
S u b s titu tio n  o f B,16 and B.17 in to  g ives a r a te  equa tion  fo r a l l  p a r t ic le s  
in  c la s s  1 ,.
Using th e  r e la t io n  th a t  r a te s  a re  independent:
I d e ( l0 j)  ■ & l e U 6 l) B. 18
d t  d t
fo r  i  s iz e  c la s s e s ,  enables th e  t o t a l  e x ten t to  be c a lc u la te d . Note th a t  
th e  so lu tio n s  co n d itio n s f a c to r ,  V, i s  a fu n c tio n  o f th e  t o t a l  ex te n t, 
which means th a t  t h i s  c a lc u la tio n  must be perform ed i t e r a t i v e ly .  A 
FORTRAN 77 program was w r itte n  to  c a lc u la te  t h i s  u sin g  an I.M .S.L . l ib ra ry
package fo r  s t i f f  d i f f e r e n t i a l  eq ua tions, ( r e f e r  to  Appendix K fo r  p ro -
B .2 Reduction of f e r r ic  ion b y  non-zinc sulphld ic  m aterial.
Assuming th a t  th e  non -zinc su lp h ld ic  m a te r ia l  re a c ts  a t  th e  same r a t e  as 
th e  s p h a l e r i t '  and p ro p o rtio n a l th e  amount o f m a te r ia l p re se n t,  then :
d [F e ( I I ) ] /d t= -  d [F e (n i) ] /d t-2 x O ,2 9  d (2 n ( I I ) ] /d t  B.19
where 0,29 i s  th e  molar r a t i o  o f  non -zinc su lph ides to  z inc  su lph ide  
p re se n t in  th e  s p h a le r i te .  I f  th e  su lp h ld ic  iro n  is  assumed to  be FeS, 
then th i s  w i l l  in c rease  th e  F e ( I I )  r j . r  n t r a t io n  in  so lu tio n  during 
leach in g  in  th e  follow ing  manner:
d [ F e ( I I ) l / d t  = 0,24 d [Z n ( I I ) ] /d t  B.20
where 0,24  i s  th e  molar ra v io  o f FeS to  2nS p re se n t in  th e  s p h a le r i te .  
The major red u c tio n  o f f e r r i c  ion i s  due to  leach ing  o f s p h a le r i te .  The 
t o t a l  red u c tio n  o f f e r r i c  ion  due to  th e  leach ing  o f z in c , iro n  and 
manganese su lp h id es  is :
d [ F e ( I I ) ] /d t  = 2,82 d [Z n ( I I ) ] /d t  B.21
d (F e ( I I I )1 /d t  = -  2 ,58 d ( Z n ( I I ) l /d t  B.22
where 2,82 i s  th e  t o t a l  molar in c rease  in  fe rro u s ions in  so lu tio n  due 
to  th e  leaching  o f th e  FeS f r a c t io n  and th e  red u c tio n  o f F e ( I I I ) ,  w hile  
2,58 i s  th e  t o t a l  molar red u c tio n  o f F e ( I I I )  due to  th e  leaching  o f z in c , 
iro n  and manganese su lp h id es . Using B.21 and B.22 th e  change in  th e
so lu t io n  co n d itio n s i s  c a lc u la te d  a t  each i te r a t i o n  in  th e  num erical 
so lu t io n  o f  equa tion  B.18.
B .3  E ffect o f th e  ZnO reac tion .
Sphe.le.rita exposed to  th e  a i i  foims an oxide la y e r  around each p a r t ic le .  
I t  was experim en ta lly  dem onstrated th a t  th e  oxide lay e rs  o f z in c  and iro n  
leached  very  ra p id ly ,  even in  low co n cen tra tio n  of a c id . This oxide lay e r  
re a c ts  w ith in  a few seconds on c o n ta c t w ith  th e  leach ing  s o lu t io n  as 
fo llow s:
ZaO + Hj SOi, -» ZnSO* 4- H10 B.23
FeO + HiS0„ FeS04 + Hz0 B.24
The amount o f ox ide p re sen t i s  determ ined by leach ing  th e  s p h a le r i te  w ith  
d i lu te  su lp h u ric  ac id  (0,05 M). These re a c tio n s  thus a l t e r  th e  so lu tio n  
co n d itio n s fo r  th e  commencement o f th e  su lp h id e  leach in g , and th i s  i s
accounted fo r  by ad ju s tin g  th e  i n i t i a l  co n d itio n s fo r  th e  program.
APPENDIX C.
Values fo r  c o r r e la t io n  given by N . r i t a ,  Lawson and Han (1983)
In  s e c tio n  2 .2 , th e  s o lu b i l i ty  o f oxygen in  aqueous e le c t r o ly te  so lu tio n  
i s  d iscu ssed . N a r ita ,  Lawson and Han (1983) p re sen ted  a sem i-em pirica l 
c o r r e la t io n  fo r  th e  s o lu b i l i ty  o f oxygen. The co n s tan ts  used fo r  th e  
p re se n t system in  equ tion  2.38 a re :
0 ,0 0
0,27
0,25
0,25
0,16
0,28
From an exam ination o f  th e  values fo r  o th e r  c a t io n s ,  a v a lu e  o f 0 ,25 was 
decided  on fo r th e  f e r r i c  and fe rro u s  io n s , based on th e  charge o f these  
c a tio n s .
APPENDIX D
T i t r a t io n  methods fo r  F e ( I I I )  and Hl SOk c o n cen tra tio n  d e te rm ina tion ,
D.1 F erric  ion determ ination .
A standard  0,179M sodium th io su lp h a te  so lu tio n  was p repared . Approxi­
m ately th ree  drops chloroform  and 0 ,1  g /1 NaC03 was added.
1,0ml 0,179M N a,S ,0 , = 0,01g F e ( I I I )
Method.
( i )  Add an excess o f K1 c r y s ta ls  to  th e  so lu tio n  sample;
( i i )  T i t r a te  w ith  th e  sodium th io su lp h a te  so lu tio n  u n t i l  th e  browm 
colour tu rn s  orange;
( i l l )  Near th e  end p o in t th e  so lu tio n  becomes p a le  yellow  - ad d itio n a l 
KI may be d isso lv ed  in  th e  so lu tio n ;
( iv )  At th e  end -po in t th e  so lu tio n  i s  c o lo u rle ss .
D .2  Sulphuric  acid  dete rm ina tion .
A stan d ard  0,204 M sodium carbonate  so lu tio n  was prepared  and a mixed 
in d ic a to r  was used to  determ ine th e  en d -p o in t. This in d ic a to r  con sis ted  
o f 0 ,2g  d 'm ethyl yellow and 0,2g  methyl b lue  d isso lv ed  in  200ml methanol. 
Method.
( i )  A ll f e r t i c  ion in  so lu tio n  must be reduced to  fe rro u s  io n , i . e .  
t i t r a t e  w ith  Na1Sa01 (se c tio n  D .l)  f i r s t .
( i i )  Add 3 drops mixed in d ic a to r  to  th e  s o lu tio n ,  and t i t r a t e  
u n t i l  th e  p u rp le  co lour tu rn s  g reen , in d ic a tin g  th e  end-poin t.
APPENDIX E
Raw d a ta  fo r Black Mountain s p h a le r i te  by f e r r i c  ion in  th e  absence o f 
oxygen-
E .1 L eaching In th e  p r e s s u re  re a c to r .
E .1 .1  Initial cond itions.
- Temp
*C
Fti(IIX)
6/1
F e ( I I )
8 /1 g /1 04 s / i s;r
28 90 19,1 2,78 10,2 unscreen
39 3,50 5,39 10,2 unscreen
40 2,92 6 ,2 unscreen
42 8,65 0,03 10,9 unscreen
5,713 0,0603 11,65
5,675 11,60
5,560 11,95
5,675 11,80
11,575 11,85
11,575 12,10
5,675 11,70
5,663 11,50
5,675 0,0603 11,60 3 M 3 -74
Runs 26, 39, 40 , and 42 were conducted in  101 o f s o lu tio n ,  w h ile  runa 
54-59 m d 61-63 were in  51 of s o lu t io n .  The Eh values were measured w ith  
r e s p e c t  to  th e  s a tu ra te d  calom el e le c tro d e .
E. 1 ,2  Raw da ta  fo r leach ing  in p r e s s u re  'e a c to r .
A ll  v a lu e s ,  except th o se  fo r  conversion , a re  measured r e s u l t s .
ii r«ildu» <etUc!«dl l$.3|
rinsl niloue eoiUetidi I
1 t»«i6v« eelleoeidi I1
Il« »  I Zn(U) («»"") r«(lli) H3B06
<ee»v) r«m i) H2S01 (eenv> F e(! I!)  m e t
5 :%
T ie . W H ) C.onv) F « (l!l)
imrv) r .u n j  m o t
U S ,13
E .2  L eaching re s u l ts  from  th e  c o n o ta n t- te m p e ra tu re  ba th  equ ipm en t.
E .2 .1  Initial co n d itio n s.
A ll experim ents in  t h i s  s e c tio n  were conducted a t  50®C. The i n i t i a l  Za 
c o n c e n tra tio n s  o re  those measured from th e  ZnO re a c t io n .  The redox po­
t e n t i a l s ,  Eh, a re  measured in  mV vs S .C .E .. The s iz e  f r a c t io n  o f p a r t i ­
c le s  was a l l  th e  same : -105+74 m icrons.
Run Ferrous
mol/1 mol/1 mol/1 s / i
RPM
0.1065 0.000108 0.100 0.1542 E-03 3.00 800
p . 1016 0.000540 0.1542 E-03
0.1015 0.001079 0.1542 E-03
0.005395 0.1542 E-03
0.01079 0.1542 E-03
0.1542 E-03
0.1«42 E-03
0.1542 E-03
0.3250 0.000108 0.1542 E-03
0 .3244 0.001079 0 1542 E-03
F13 0.3229 0.005395 0.1542 E-03
F14 0.01079 0 . 15'«2 E-03
FIS 0.1542 E-03
0.1542 E-03 3.00
0.10790 0.1542 E-03
0.100 0.1542 E-03
0.000108 0.1542 E-03
0.02877 0.100 0.1542 E-03 3.00
Zn <ne«»)
(eenv)l Eh
teonv)' Eh

APPENDIX F
Raw da ta  fo r  th e  fe rro u s  ion o x id a tio n  ru n s.
F.1 Initial co n d itions.
Run
8 / i riC I/i' Fe
2 0.400 4 .5
5 .0
0,200 4.5
0.200 4 .5
0.500
21.749
21.958
19.730
3 were conducted < 1 s t i r r e r  speed o f 450 RPK.
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F .2  M easured  r e su lts  fo r th e  f e r ro u s  Ion vxld.ition ru n s .
Forrlc l/FirreuniCBnverileiil/Ferroui Cenvarsien
Ferric 1/Ferrei.ijCoiiearaJeB Ferric l/Ferreua Cocvaralon
Farricj1/FerrouijConvnrsiec
Ferric VFtrrauilCenveriton 
t / l  ' I f n i l  l*
Ftrjiei . / U r t e u t S C L -  
s/1 1/eel I-
l/F»rrous Cenverslen Fertle j/Firraua Cenvenlen
F»rrl6 l/rerroul CenvirileB
l/FertoiMlCenverilHi
F«rriell/F«treua (ionvinlonNrtU )/F<troui Cenvimen
l/ferieuijcenv«riion
APPENDIX G
Leaching o f  Black Mountain s p h a le r i te  in  a c id ic  f e r r i c  su lp h a te  media in 
th e  p re sen ce  of oxygen.
G .l  In itia l cond itions.
j Rim Temp F e ( I I I )
s / i
F e ( I I )
S/1
H2S04
g/1 E" P(0„)
| 44 80 7,35 1,93 12,35 5 0,5
I 60 11,465 12,1 9 3
| 64 5,35 0,0602 11,8 16 +53-74 2
Tim  Zn(H>
APPENDIX H
Experim ental r e s u l t s  fo r  th e  d e te rm ina tion  o f  th e  oxide lay e rs  on th e  
su rfa c e  o f th e  s p h a le r i te  p a r t i c l e s .
The rmount o f oxide p re se n t on th e  s o l id  su rfa c e  i s  ob ta ined  by leaching 
th e  s p h a le r i te  in  d i lu te  su lp h u ric  ac id  (0.05M). R efer to  s e c tio n  2 .1 .3 .
H.1 Initial conditions.
b . Mass Zn H2S04
mol/1
Temp
eC o x id e "
% Fe os S ize  range 
(m icrons)
1,3677 0,01448 48 1,767 33,37
1,3609 0,01571 1,262 21,89
1,2291 0,03011 1,311 22,87 f u r
3,0000 0,10000 0,677 * -101 ,
H .2 C oncentration  data
2 " g / l B1
Zn B2 | Zn B3 
8 /1 1 8 /1 g / l 84
Q 0,00105 0,000401 0,00025 0,0000
0,01008
2,5 0,01300 0,00700| 0,0067 0,01015
0,01005 0 ,00750| 0,01635 0,01040
7,5 0,01055
10 0,01005 0,006051 0,00680 0,01060
15 0,01775 0,007851 0,00710
25 0,01305 0,00825! 0,00825
These r e s u l t s  In d ic a te  th a t  fo r  th e  unscreened sample only 1,2% o f  the  
t o t a l  Zn I s  In  th e  oxide form. For th e  s iz e  f r a c t io n  -105 +74 ym th e  
comparable f ig u re  i s  0,6% Zn. This i s  a very  low fig u rn  compared to  the 
Gamsberg s p h a le r i te  fo r  which 8,3% o f  th e  z in c  was in  th e  oxide form.
APPENDIX I
A nalysis o f Gamsberg s p h a le r i te  leach ing  da ta  in  th e  absence of oxygen.
1.1 Calculation of th e  minimum sum o f sq u a re s  e r r o r .
The leach ing  o f Gamsberg sp h a le r i te  was analysed in  s e c tio n  4 .2  in  terms 
o f ac. e lec trochem ica l sh rin k in g  core model derived  in  s e c tio n  2 .1 .3 .  This 
model has th e  param eters k 1 and K. R efer to  s e c tio n  4 .2 . Table 1 .1  r e ­
p re sen ts  sum o f squares ca lc u la te d  a t  constan t k ' by golden sec tio n  
sea rch . R efer to  s e c tio n  4 .2 . A s l i c e  through th e  sura o f squares su r ia c e  
i s  shown in  f ig u re  1 .1 , in d ic a tin g  th a t  in  th e  K -d irec tio n  th e  minimum 
is  w e ll-d e f in ed .
1.2 Calculation of th e  activation  en e rg y  for G am sberg sp h a le r ite .
Table 1 .2 rep re se n ts  th e  r a t e  d a ta  a t  d i f f e r e n t  tempeuat r e s ,  from which 
th e  a c t iv a t io n  energy has bean c a lc u la te d . These re su l a .ave been 
p lo t te d  in  th e  Arrenhius form as f ig u re  1 .2 . From th is  th e  a c tiv a tio n  
energy has been determ ined as 79,8 kJ/m ol.
q o o b o °
i.eeeeee-ie «.«eeeo*-ie i.«eooai-io i.aooooi-ie a.acens-ta i.weoa-ie
F igure 1.1 S lic e  through th e  sub o f squares p lo t  fo r  con stan t k (ka 17,3) 
From t h i s  i t  can be seen th a t  th e  minimum i s  w ell defined .
I / T e m p e r a t u r e  U  /* M
F igure 1 ,2  A rronhlus diagram fo r  Gamsberg s p h a le r i te .  Data from 
ta b le  1 .2 ,
Table  I . 1 C alcu la tio n  o f che minimum sum o f squared e rro rs
fo r  values o f param eter k* fo r  Gamsherg leaching  d a ta .
k ' Squared e rro rs
v - i mol/fflzmi
16,4 0,3814 0,9489
16,5 0,3542 0,9289
16,6 0,3288 0,9115
16,7 0,3054 0,8965
i s , a 0,2835 0,8841
16,9 0,2632 0,8743
17,0 0,2444 0,8668
27,1 0,2269 0,6617
17,2 0,2107 0,8590
17,3 0,1956 0,8587
17,4 0,1816 0,8608
17,5 0,1666 0,8651
17,6 0,1565 0,8717
17,7 0,1454 0,8807
17,8 0,1349 0,8919
17,9 0,1253 0,9052
18,0 0,1163 0,9208
Table 1 .2  C alcu la tio n  o f  th e  dependence o f ra te  on tem perature 
Gamsberg leach ing  d a ta .
Twp k '
°c V '1 mol/m*min
19,62 0,45A5xlO*n
18,39 0,3888xl0*10
16,33 0 ,1 0 3 3 x l0 '8
APPENDIX J
E s tim ation  o f th e  param eters fo r  th e  F e ( I I )  ox id a tio n  re a c tio n .
J .1  Second o rd e r  ra te  c o n s ta n t.
The fe rro u s  ion  ox id a tio n  re a c tio n  i s  assumed to  be second o rd e r  in  
fe rro u s  ion  c o n cen tra tio n , and f i r s t  o rd e r in  oxygen. P lo ttin g  
l / [ F e ( I I ) ]  ag a in s t tim e, k , th e  apparen t r a te  co n s tan t, can be determ ined 
from th e  s lo p e , and th e  e f f e c t  o f m ass- tran sfe r  can be determ ined. I f  th e  
slo p e  o f th e  second o rd e r r a te  p lo t i s  curved and n o t s t r a ig h t  in  th e  
i n i t i a l  p a r t  o f  th e  re a c tio n , th en  m ass- tran sfe r  p lays a s ig n if ic a n t  ro le .  
Examination o f th e se  p lo ts  in d ic a te s  th a t  m ass- tran sfe r  i s  not a ra te  
c o n tro l l in g  s te p . The slopes o f  th e se  graphs a re  p resen ted  in  Table J . l .  
F ig u re  J . l  in d ic a te s  th e  re p ro d u c ib i l i ty  o f th e se  r e s u l t s .
J .2  Calculation of oxygen  co n cen tra tion .
The s o lu b i l i ty  o f oxygon in  pure w ater can be determ ined from th e  H enry's 
law co n s ta n t, H, given P erry  (1972). The oxygon concen tra tio n  in  an 
e le c t r o ly te  so lu tio n  i s  c a lc u la te d  from th e  c o r re la t io n  given by M arita, 
Lawson and Han (1983), equation  2.38 . Atmospheric p re ssu re  was measured
Table J . l  C a lcu la tio n  o f k , (0a l aad |H*)
Rut 10.1 [H+]
°C mol/1 mol/1
2 363 0,269 2,644
4 0,1668 0,302 0,164
7 0,1337 0,259 0,252
363 0,1150 0,258 0,414
363 0,1201 0,251 0,294
363 0,0860 0,295 0,963
363 0,0879 0,258 0,415
0,1052 0,256 0,379
0,0173 0,167 0,599
32 0,0674 0,281 0,561
0,0476 0,202 0,456
34 0,0045 0,121 0„764
0,0296 0,316 0,612
0,0335 0,316 0,610
343 0,0299 0,316 0,612
a t  <m average valun  of 83,5 kPs. The c o n cen tra tio n  o f th e  v a rio u s io n ic  
sp e c ie s  req u ired  by thft N a r ita , Lawson and Han c o r r e la t io n  as.a ca lc u la te d  
by program EQUIL. The oxygen concen tra tions c a lc u la te d  fo r each run are  
p resen ted  in  Table J . l .
J .3  C alculation of th e  hyd rogen  Jon concen tra tion .
The co n cen tra tion  o f th e  hydrogen is  not d i r e c t ly  
t i t r a t i o n s  fo r t o t a l  su lp h u ric  ac id  were madt.. The 
drogen ion is  ca lc u la te d  bv th e  program EQUIL from
measured in  th a t  only 
co n cen tra tio n  o f hy- 
th e  so lu tio n
e q u i l ib r ia .  The c a lc u la te d  hydrogen ion  co n cen tra tio n s a re  p resen ted  in  
Table J . l
J . 4  D ependence of th e  ra te  on th e  hyd rogen  concen tra tio n .
The values fo r  k/(0%) a re  p lo t te d  a g a in s t th e  ca lc u la te d  (H"1"] values for 
th e  runs a t  363” on a lo g -lo g  p lo t .  These r e s u l ts  a re  p re sen ted  in  Table
3D. 0 SO. (I ',3.0 90. a
Figure J . l  R ep ro d u c ib ility  o f fe rro u s  ion ox id a tio n  r e s u l t s .  
Runs 21, 23, 25.
J . 5  C alculation of th e  activation  e n e rg y .
The values fo r k[H+]0 *35/{ 0 ,]  a re  p lo t te d  on an ArrenMus diagram in 
s e c t io n  5 .3 . These values a re  p resen ted  in  Table J .3 .
Table J .2  Dependence o f  th e  Fa(ll) oxidation r a t e  on 
[H+ ]
Oxygon 
x 10*
gen one 4
0,0603 0,269 2,64 22,4
0,0187 0,302 0,164 61,9
0,1337 0,259 0,252 51,6
0,1150 0,258 0,414 40,7
0,1201 0,261 0,295 46,1
0,0859 0,296 0,963 29,1
0,0879 0,258 0,415 34,1
0,1052 0,256 0,380 41,1
where * = k/[0g]
Table J .3  Dependence of F e ( I I )  o x id a tio n  on tem perature .
to
eK
k $
x 10*
$
2 0,0603 0,435 13,9
4 0,0187 1,33 14,1
7 0,1337 0,974 13,7
11 0,1130 0,812 14,2
10 0,1201 0,927 13,0
0,0859 0,687 12,5
0,0879 0.811 10,8
363 0,1052 0,832 12,7
343 0,0172 0,460 .3 ,7 6
353 0,0674 0,794 8,48
353 0,0475 0,616 7,73
333 0,0446 0,305 1,46
0,0296 0,865 3,43
343 0,0335 0,866 3,87
343 0,0299 0.865 3,46
1  = Io2 ! / I » V ' 3S
t =  k[H+ ]0 ,3 5 / [ O 2 ]
APPENDIX K
FORTRAN 77 computer program fo r  th e  c a lc u la tio n  o f th e  redox p o te n t ia l ,  
and th e  s im u la tion  o f th e  leach ing  r a te ,  as d iscussed  in  chap te r 2.
K.1 A lgorithm .
The main program i n i t i a l i s e s  th e  program, and c a l l s  an o p tim isa tio n  rou ­
t in e  from th e  I.M .S.L l ib r a ry  to  minimise th e  sum o f squared e r ro r s .  The 
o p tim isa tio n  program ZXMIN minimises th e  sum o f squared e r ro rs  ca lc u la te d  
in  th e  sub ro u tin e  OBJECT fo r both param eters k 1 and K. When ZXGSN, a 
golden search  o p tim isa tio n  techn ique is  used , then  th e  param eter k 1 is  
kep t co n s tan t, and th e  optim al K i s  found.
The sub rou tine  OBJECT c a lc u la te s  th e  sum o f squared d iffe re n c e s  between 
th e  measured d a ta  and th e  sim ulated  leach  run fo r  a p a r t ic u la r  combination 
o f param eters k ' and K. The d i f f e r e n t ia l  equa tions desc rib in g  th e  leaching  
k in e t ic s  a re  so lved  usin g  th e  I.M .S.L . program DGEAR, fo r  which th e  d i f ­
f e r e n t i a l  equations a re  d escribed  in  sub ro u tin e  DIF. Those equations a re  
p re sen ted  in  s e c tio n  2 .1 ,3 ,  and Appendix B.
The sim u la tio n  o f th e  leach ing  k in e tic s  re q u ire s  an estim a tio n  o r p re ­
d ic t io n  o f th e  redox p o te n t ia l ,  The redox p o te n t ia l ,  Eh, i s  c a lc u la te d  
in  sub ro u tin e  EQUIL, as d iscussed  in  s e c tio n  2 .1 . The lay -o u t and opera­
t io n  o f t h i s  progran  i s  th e  same as th a t  d iscussed  by Ting-Po and 
N arco llas (1972) and fu r th e r  in qu iry  should be d ire c te d  to  th a t  re fe ren ce  
b e fo re  examining EQUIL.
K .2 PROGRAM MAIN
IMPLICIT REAL*8 (A-H),REAL*8 (0-Z)
REAL*S KO,MU,K,C(100,3),7 (1 0 1 ),XTC (5),H (3),G (2),tf(6 ) ,PARS(3) 
EXTERNAL OBJECT 
EXTERNAL SOFSQS 
CHASACTERW1S RUNID
COMMON /DATA/ TIME(20,1 5 ) ,ZDATA(20,1 5 ) ,FDATA(20,1 5 ),FDATA2(20,15) 
COMMON /DATA/ 2SIGMA,FSIGMA,YMAT(10,101),CMAT(10,1 00 ,3 ),TMP(15) 
COMMON /DATA/ NSWCH(IS),NP0INT(15)
COMMON /INITL/ TCIMIT(15, 5 ) ,TC(5),AREA(15),O2S,AM0(15),NSXP
COMMON /EQUILB/ EQ(6),A,B
COMMON /EQOXLC/ Z(10),AO(10),OKM(10)
COMMON TEMP 
COMMON /END/ MEND 
COMMON /PAR/ PAR(2)
NEND=0
Road In  th e  I n i t i a l  co n d itions and th e  measured da ta
DO 10 11=1,10
10 READ(2,*)Z(I1),AO(I1),OHM(I1)
READ(2,*)K0,O2S,VOL
READ(3,*)NEXP
READ(3,*)NPOINT(l)
READ(3,*)(TIME(l,IB),IB=l,NPOINT(l))
DO 50 I=1,NEXP 
NPOINT(I)=NPOINT(l)
" AM0(I)=5,D0*200.D0*0.509D0/65. 36D0*(lD0-0, 063DO)
AMO(I)=3. D0*0. 4965D0/65, 36D0-10. 08D-3 
TMP(I)=273.D0+S0.D0
11 FORMAT(AIS)
DO 12 ID=l,NPOINT(I)
12 TIME(I, ID)=TIME(1, ID)
READ(3,11)RUNID
READ(3,*)(ZDATA(I,IA),IA=1,NPQINT(I))
" RBAD(3,*)(FDATA(I,IA),IA=l,NP0INT(I))
READC3,*)(FDATA2(I,IA),IA=l,NPOINT(I)) 
READ(3,*)(TCINIT(I,IC),IC=1,S)
NSKIP=1
IF (NSKIP.EQ.O) THEN 
WRITE(1 0 ,1000)RUNID 
10VO FORMATC'.bx o f f ' , / , ' , s p 2 ' , / , ’ ,bx 4 S S '. / .S X ,’Run ',A 15 ,- 
/ , ' . b x  4 12 24 3 5 ', -
/ ,5 X ,'T im e ',4 X ,'Z n  (m ens)1,4X,'X  (c o n v ) ', -  
/,5 X ,'m in ',5 X , g/lxlO*
/ / . b x 1)
DO 1001 IZZ=1,NP0INT(I)
CONV=ZDATA(I, IZZ)*1.D-3/0.02269D0/65.38
1001 WRITEUO, 1002)TIMB(1 ,IZZ) , ZDATAU, 122) ,C0NV 
END IF
50 CONTINUE
1002 F0RMAT(5X,F4.1,3X,F6,2,3X,F12.5)
" WRITE(10,1003)
"1003 FORMAT('.bx o f f ' 1. s p 2 ' ' . bx 4 
" DO 51 KAKal.NEXP
"51 WRITE(10, 1004)RUNID,TCINIT(KAK,1),TCIHIT(KAK,2),TCINIT(KAK,3), 1 
" TCINIT(KAK,5)
"1004 F0RMAT(5X,A15, 2F12.6 ,F7 .3 ,E16.7)
" C a lcu la te  sp lin e  to  f i t  th e  e x ten t vs p o te n t ia l  d a ta
IF  (NSKIF.EQ.O) GO TO 120 
DO 300 11=1,NEXP 
TEMP=TMP(I1)
XM0=AM0(n)
CALL EQCNST (TEKP,EQ,A,B)
DO 101 J l= l ,5  
T C (J1M U IN IT(I1,J1)
101 X T C (J l) tfm m T (I l,J l)
CALL SPLINE (XTG,TC,Y,C,XM0)
DO 220 J3= l,100 
YMAT(I1,J3)»Y(J3)
DO 220 J 4 = l , ..
220 CHAT(Il,J3,J4y-« '(J3,J4)
Y M AT(Il,101)=y(m )
300 CONTINUE
" PROGRAM TO FIND PARAMETERS USING NEWTON-iUPHSON METHOD
2SIGMA=2.D0
FSIGHA-2.D0
NPAR«2
NIT£R=0
" Sot i n i t i a l  guesses fo r  param eters 
" ORDER IS K, (k lA /k lC ), and gamma 
READ(4,*)(PAR(JJ),JJ=1,NPAR)
" CALL OBJECT (NPAR.PARS.SUMSQS)
CALL ZXMIN (O BJECT,NPA R,7 ,1 0 0 0 ,3 ,PARS,H,G,SUM SQS,W ,IER)
READ(4,*)A,B
T0L®1.D5
CALL ZXGSN (SO FSQ S,A ,B ,TO L,X M IN , IER)
NEND=1
END=SOFSQS(XMIN)
WRITEU2,*)XMIN 
WRITE(13,*)XMIN 
" PA&(1)=0. 1D12
" DO 44 IT=1,40
" PAR(2)«1.73
" DO 43 10=1,40
" F=S0FSQS(PAR(2))
"43 PAR(2)=PAR(2) K)-0025
"44 PARC 1)=PAR( 1)4-0.005D12
120 STOP
K .3 FUNCT JN SOFSQS(X)
IMPLICIT REALMS (A-H),REAL*8 (0*2) 
COMMON /PAR/ PAR(2)
DIMENSION PARS(2)
PARS(1)»X
PARS(2)*PAR(2)
NrAR»2
CALI OBJECT (NPAR, PARS, SOMSQS)
SOFSQS=SUMSQS
RETURN
I’ SUBROUTINE TO CALCULATE SUM OF SQUARES
K .4 SUBROUTINE OBJECT(NPAR,PARS,SUMSQS)
IMPLICIT REAL*8 (A-H).REALMS (0-2)
EXTERNAL DIFF.FJ
DIMENSION IVK(12),WK(20S),E3CrENT(12),WKAREA(A0),PARS(2)
COMMON /DATA/ TIME(20A5),2DATAC20,15),FDATA(20,15),FDATA2(20,1S) 
COMMON /DATA/ ZSIQMA,FSIGMA,YMAT(10,101 ),CdAT(10,100 ,3 ).TMPflS) 
COMMON /DATA/ NSVCH(15),NP0INT(15)
COMMON /INITL/ TCINIT(15,5),TC(5),AREA(15),O2S,AM0(15),NEXP 
COMMON /PARMS/ DPAR(S),Y(101),C(100,3),N1.NEQUIL 
COMMON /POT/ EH 
COltiiON /FERR/ ATC(5)
COMMON TEMP 
COMMON /END/ NEND
" In is ia liZ B  v a riab le s
DPAR(1)=PARS(1)*1,D-21 
DPAR(2)»PARS(2)*1.D>2 
IF (PARS(l).LT.O-ODO) THEN 
SUMSQS=200 
RETURN
" DPAR(3)»PARS(3)V1.D-1
VOlFl.DO
TOL=1.0D-10
MSTH=2
MITER=0
SSEZ=0,D0 
SSEF1=0.D0 
SSEF2=0.D0 
DO 236 N1=1,NEXP 
DO 203 JA«1,100 
Y(JA)=YMAT(N1,JA)
DO 203 JB” i ,3  
203 C(JA,JB)e CMAT(Nl,JA,JB)
Y(101)=YMAT(N1,101)
" Solve d i f f e r e n t i a l  equations a t  tim e o f experim ental readings 
TEMP=TMP(N1)
H=1.0D-12 
208 INDBX=1 
" Set I n i t i a l  cond itions 
DO 210
210 EXTENT(JJ)=0.D0
TR=(EXTENTfl)/V0L4.TCIMIT(Nl,5))
TF=2DATA(Ml,1 ) /6 5 .38D0*1 .D-3 
TE=TCINIT(N1i1)
TB£*FDATA(Ni, l ) / 5 5 . 8D0 
" TF2=-FDATA2(N1,1)/35.8D0
BTIME=0.D0 
NEQUIIp*!
IF (NEND.BQ.l) VRITB(12,219)BTIME,TF,TR,Y(1)
" IF (NEND.EQ.1) VRITE(12,*)TEE,TB
" IF (NEND.EQ.1) VRITEC12,*)TF2,TCINIT(N1,2)
DO 220 M-1,NP0INT(N1)-1
CALL DGBAR(1,DIFF,FJ,BTIHE,H,EXTENT,TIME(N1,M+1),T0L,METH,- 
NITER,INDEX,IVK.VK.IER)
NEQUIL=2 
IF  (IER.EQ.132) THEN 
T0L»1.0D-14 
H=1.0D-15 
GO TO 208 
END IF
TR=(EXTENT(1)/V0L+TCINIT(N1,5))
TF=2DATA(N1,M+l) /6 5 . 38D0*1 .D-3 
" TE»ATC(1)
TEE=FDATA(N1 ,M-f-l)/55.8D0 
" TF2saFDATA2 (N1, M+i) /5 5 . 8R0
IF (NEND.BQ.l) WRITE(12,:^)TIME(N1,M+1),TF,TR,EH 
" IF  (NEND.BQ.l) WRITE(12,*)W,TE
" IF (NEND.EQ.1) WRITE(12,*'"'VATC(2)
" V R ITE(12,*)TC a),TC (2),7V ^;
219 F0%dAT(SX,F6.2,2X,E14.7,2X,E14.7,2X,F@.3)
220 SSE2=SSE24-(DABS(EXTENT(l)/VOL*-
TCINIT(N1. 3)*2DATA(Nl,N+l)*l.D-3/65 .SSDO))'11*! 
" ShEFl0SSEFl+(DABS(ATC( V>*/t'.TA(Nl,M+l)/55. 8D0) J**2
« SSEF2=8SEF2+(DABS(ATC(2)-ypATA2(Nl1M +l)/55.8D0))**2
238 CONTINUE
8UNSQS=SSEZ+SSEF1+SSEF2 
" TKJ=DL0G10(PARS(1))
TKJ=PARS(1)*1.D-21
WRITE(13,240)TKJ, PARS(2 ) ,SUMSQS 
WRITE(1 2 ,240)TKJ,PARS( 2 ) ,SUMSQ3 
240 FORMAT(2X,E14,8,3X,E13 i .S S .E U .? )
RETURN
END
" Subroutine co n ta in ing  model d i f f e r e n t ia l  equations
K .5  SUBROUTINE DIFF (N ,T,EXTENT,EPRIM E)
IMPLICIT REALMS (A-H),RBAL*6 fO-2)
REAIi*8 EPRIME(N),EXTENT(N),FC(10),A(ll),B(li),1,0(11),AB(12)
REAIi*8 K (10)
DATA A /0 .0074 ,0 .0426 ,0 .602 ,0 .1 2 7 4 ,.1 1 4 4 ,.1 0 3 1 ,.1 0 2 8 ,.1 0 7 8 ,.0 8 1 3 ,- 
0 .('584 ,.1746/
DATA B /.4 8 5 , .4 9 4 ,.4 9 5 ,.4 9 5 ,.4 8 8 ,.4 8 6 ,.5 1 1 ,.5 1 4 ,.5 2 5 ,.5 3 5 ,.4 2 9 / 
DATA ,L0/178.3 ,1 2 6 .9 ,8 9 .1 6 ,6 3 ,0 5 ,4 4 .8 8 ,3 3 .6 6 ,2 6 .5 1 ,1 9 .7 7 ,- 
1 3 .95 ,9 .905 ,4 .087 /
COMMON /INITL/ T C m T (1 5 ,5 ) ,T C (5 ) ,A R E A (1 5 )  ,O2S,AM 0(15),mP 
CO^ON /FARMS/ PARS(5),Yf 1 0 1 ),0 (1 0 0 ,3 ),NO,MEQUIL 
COMON /FERR/ ATC(5)
COMMON /POT/ E 
COMMON TEMP
VOL-1.DO
C alcu la te  redox p o te n t ia ls  from sp lin e  f i t  
I-IDINT(EXTENT(1 )/AMO(NO) /0 .0 lOODO+1)
Xe (l-l)*AMu(N0)*0.OlOODO 
D=EXTENT(1)-X
F er c a lc u la tio n  o f  loaching  and ox id a tio n  r e s u l t s  
ATC(l)*TeiNIT(tf0,l)-2<46D0*EXTENT(l)/V0Ii+EXTENT(2) 
ATC(2)»TCINIT(N0,2)+2.67D0*EXTENT(l)/V0L-EXn.NT(2) 
ATC(3)«^TC1NIT(N0,3)-EXTENT(2)
ATC (5 ' • -.TINIT (NO, 5 )+EXTENT (1) /VOL 
IF  (A "’.)  .LT.1.D"6) ATC(l)-DABS(l.D-6)
CALL ,TL(ATC,K,E,EDIFF,NEQUIL)
02S«»1. 30-3*116.D0/101.325D0*DEXPtl336/TEMP-4.48D0) 
O2S»O2S*DEXP(-(K(5)*0.aSD0+(ATC(l)*ATC(2))*0.26D0+K(4)*0.28D0- 
*K(9)*0.16D0))
IRUN-2
E*((C(I,3)*D 4-C(I,2))’lrD+C(Il l))*D+y'X5 
IF (I%UN.E().42) THEN 
EPRIME(1)-0.D0 
DO 19 JI=2 ,12
A B (JI)=20.D 0*A (JI-li^n(J2‘ i ) / 6 !  :,800 
IF ((l.DO-EXTBNT(uI)/ABi,JI)).VI. .B"12) THEN 
EXTENT(JI)=DABS((1.D0"1.D-?. '' -S (JI))
EPRIME(JI)=PARS(1)*20.D6*A(.-. - ‘ .* •
(DABS(1 .DO-EXTENT(J I ) / AB( T ; i " ( 2 .DO/3.DO)*-
117
DEXP(B*PARS(2))/(L0(JI-l)*l.D-6)
END IF
EPRIME(1)=EPRIME(1)+EPRIME(JI)
IS CONTINUE 
ELSE
IF ((1.D0'EXTENT(I)/AM0(N0)).LT.l.D-6) THEN 
" EXTENT(1)«DABS(C1-1.D-6)*AH0(N0))
” END IF
EPRIME(1)=PARS( 1)*DEXP (PARS(2)*E)*- 
(1,DO-EXTENT(1)/AMO(NO))**(2.DO/3.UO)
" EPRIHE(2)=1.2A8D+Hft(ATC(2)**2)*02S/(K(3)**o,3SDC)-
" *DEXP(-66600.D0/8.31AD0/363 DO)
RETURN
END
" Dumey su b rru tin o  usod by DGEAR
SUBROUTINE FJ (N,X,Y,PD)
IMPLICIT REAL*s (A-H),REAL*8 (0-2)
DIMENSION Y(N),PD(N,N)
RETURN
SUBROUTINE EQCNST (TEMP,EQ,A,B)
IMPLICIT REALMS (A-H), REAL*8 (0-2)
DIMENSION BQ(8)
ATEMP=TSMP-298.1SD0
A".4919D04-7.143D-4*ATEMP+2.113D-6*ATEMP**2+1.172D-8*ATEMP*A3 
B».3249D0+2. 099D-4^ATEMP-2.S82D-6*ATEMP**2+2.S89D-8*ATEMP**3
CALCULATE EQUILIBRIUM CONSTANTS
SQ(2)=0.D0
EQ(2)aDEXP(33.334D0-7629.9D0/TEMP)
EQ(3)a0.D0
IF(TEMP.LE.325. 15D0)EQ(4)=DEXP(19. 804DO-3140.ODO/TEMP) 
IF(TEMP.GT. 325 .15D0)EQ(4)=3EXP(34. 2S2DO-7815.2D0/TEMP) 
EQ(4)«DEXP(-9OO.421D0+39110.926DO/TEMP+136.626DO*DIX)G(TEMP)) 
EQ(6)=10.D0*«(3,339DO-337.37D0/TEMP)
EQ(7)*>DEXP(30.69200-7290.400/TEMP) 
EQ(6)ulO.DO**2.38DO*DEXP(-754.BDO/TEMP+2.S33DO)
RETURN
END
SUBROUTINE SPLINE (XTC,TC,Y,C,MO)
IMPLICIT REAL*8 (A-K), REAL*8 (0-2)
REAL*8 Y(101),0 (1 0 0 ,3 ) ,EXTENT(101),REDOX(I01),XTC(5),TC(5) 
REAL*6 MO,WK(606),K(10)
COMMON TEMP
V0L=1.D0
EXTENT(I)=0,0D0
CALL EQUIL(XTC,K,E,EDIFF,1)
RED0X(1)=E 
DO 200 J2=2,I01
EXTENT(J2)*EXTENT(J2-1)+0.0100DO*MO
TG(U=XTC(1)-2.59DO*EXTENT(J2)/VOL 
TCC2)«XTC(2)+2.63D0*EXTENT(J2)/V0L 
TC(S)«XTC(5)+EXrEOT(J2VVOL 
IF  (TC(1).LT.1.D»«) TC(l)-=DABSa,D-6)
CALI EQUIL(TC,K,E,EDm,2)
200 FF,DOX(J2)=E
CALL ICSSCV (EXTENT,REDOX,101,Y,C, 100,IJOB,WK,IER) 
DO 201 J 3 - l , l v l  
"201 WRnE(13,*)EXTENT(J3),iRED0X<J3),y(J3)
RETURN
END
K.G SUBROUTINE EQ U IL(TC ,C ,E ,ED IFF,N )
" PROGRAM TO EVALUATE THE EQUILIBRIUM CONDITIONS OF A SOLUTION
" GIVEN THE TOTAL SPECIES CONCENTRATION AND THE EQUILIBRIUM
" CONSTANTS. THE PROGRAM ALSO ACCOUNTS FOR THE ACTVTY COEFFS
" NOT BEING U N in , AND THE DEBYE-HUCXBL EQUATION IS USED TO
" CALCULATE THEM.
" y- OGRAM EQUIL
IMPLICIT REAL*S (A-H),REAL*8 (O-Z)
DIMENSION DIAG(S),AA(10),BB(10),-  
EEC S),FF(5),Q (5,5),X (5),G A (5),- 
Y(10),G(5),CEQ(8)
T5(5),C(10),WXAREA(30)
COMMON TEMP
COMMON /HION/ PH
COMMON /EQUILB/ EQ(S),A,B
COMMON /EQOXLC/ 2(10),AO(IO),OKM(10)
" ASSUMING TOTAL DISSOCIATION CALCULATE IONIC STENGTH
" AND SET INITIAL CONCENTRATION GUESS AT TOTAL DISSOCIATION
" CONCENTRATIONS
TC C 4)=3.£ to /2 .D 0*rca)+T C (2)-K 5D 0*T C (3)+T C (5)
XIONS«0.
DO 40 K0=l,5 
IF(N.GT.1)THEN 
C(KO)=C(KO)
ELSE
C(KO)»TC(KO)
C(9)=C(3)/2.D0 
END IF
40 XIONS»XIONS+Z(KO)'W'2*C(RO)
XJ ONS=XIONS/2 .DO
42
" CALCULATE ACTIVITY COEFFS FROM DEBYE-HUCKEL EQUATION
DO 45 KA=1,:0 
Y(KA)=10. ODO**((-A*Z(KA)**2*XIONS**.5D0)/ -  
( 1+AO(KA)*B*XIONS**.5DO))
CONTINUE
C CALCULATE THE EQUILIBRIUM CONSTANTS IN TERMS OF CONCENTRATION
CEQ(1)=EQ(1)*Y(1)*Y(3)*Y(4)**2
CEQ(2)=EQ(2)*Y(1)*Y(3)»Y(4)/Y(6)
CEQ(3)=EQ(3)*Y(1)*Y(4)**2/Y(7)
CEQ(4)-EQ(4)*Y(1)*Y(4)/Y(8)
CEQ(6)=EQ(6)*Y(2)*Y(4)
CEQ(7)=EQ(7)*Y(2)*Y(3)*Y(4)A(iO)
CEQ(8)=EQ(8)*Y(5)*Y(4)
CALL SUU(TEMP,XIONS, AEQ,C)
CEQ(5)=AEQ
GENERATE MATRIX AND VECTOR FOR THE SOLUTION OF THE 
NON-LINEAS EQUATIONS BY A NEWTON-RAPHSON TECHNIQUE 
CALCULATE VECTOR G
CALL GG(C,TC,G,CEQ)
DO 50 £8=1,5 
GA(KB)=G(KB)
G(KB)s=-G(KB)
CALCULATE MATRIX Q
QU,1)-1+CEQU)*C(3)*C(4)**2+CEQ(2)*C(3)*C(4)+CEQ(3)-
*C(4)**2+CEQ<4)*C(4)
Q(1,2)=0.D0
Q(l,3)«=CBQ(l)*C(l)*C(4)**2+CEQ(2)*C(l)*C(4)
Q(l,4)=2*CEQ(l)*C(l)*C(3)*C(4)+CEQ(2)*C(l)*C(3)4-2-
*CEQ(3)*C(1)*C(4)+CEQ(4)*C(1)
Q(1,5)=O.DO
Q (2 ,1 )= 0 .D 0
Q(2,2)=1+CEQ(6)*C(4)+CEQ(7)*C(3)*C(4)
Q(2,3)=CEQ(7)*C(2)*C(4)
Q(2,4)=CEQ(6)*C(2)+CBQ(7)*C(2)*C(3)
Q(2,S)=0.D0
Q (3 ,l)= C E Q (l)* C (3 )* C (4 )* * 2 + C E Q (2 )* C (3 )* c (4 )
Q(3,2)=CEQ(7)*C(3)*C(4)
Q(3,3)=HCEQa)*C<l)*C(4)**2+CEQi:2)*C(l)*C(4)-l-
CEQ(5)*C(4)-liCEQ(7)*C(2)*C(4)
Q(3|4)=2*CEQ(1)*C(1)*C(3)*C(4)+CEQ(2)*C(1)*C(3)4—
CEfii-3)*C(3)+CEQ(7)*C(,2)*C(3)
Q(3,5)=0.D0
Q(4,1)=2*CEQ(1)*C(3)*C(4)**2+CEQ(2)*C(3)*C(4)4—
2*CEQ(3)*C(4)**2+CEQ(4)*C(4)
Q(4,2)=CEQ(6)*C(4)+CEQ(7)*C(3)*C(4)
Q(4,3)=2*CEQ(1)*C(1)*C(4)**2+CEQ(2)*C(1)*C(4)+-
CEQ(5)*C(4)-<-CEQ(7)*C(2)*C(4)
Q(4,4)=l-l-4*CEQ(l)*C(l)*C(3)*CC4)-f-CEQ(2)'t..I)*C(3)+-
4*CEQ(3)*C(1)*C(4)+CEQ(4)*C(1.)+CEQ(5)*C(3)4™
CEQ(6)*C(2) 
Q(4,4)=Q(4,4)+CEQ(7)*C(2)*C(3)+CEQ(8)*C(5) 
Q(4,5)=CEQ(8)*C(4) 
q (5 ,l)» 0 .D O  
Q (5,2)5*0.DO 
Q(5,3)=O.DO 
Q(5l4)»GEQ(8)*C(5)
Q(5,5)==1+CEQ(8)*G(4)
RE-ARRANGING Q IN TERMS OF FRACTIONAL SHIFTS
DO 65 KCA=1,5 
DO 55 KCB-1,5 
Q(KCA,KCB)=Q(KCAJKCB)*C(KCB)
CONTINUE
DIAG(KCA)=Q(KCA,KCA)
IF(TC(kCA). LE. O)DIAG(KCA)-!. 0D0 
CONTINUE
MATRIX SCALING
TOTAL=0. ODO 
DO 75 KAC-1,5 
G(KAC)-G(KAC)/(DZA5(KAC)**.5DO)
DO 70 KAD=1,5 
Q(KAC,KAD)=q(KAC,KAD)/((DIAG(KAC)*DIAG(KAD))**.5DCi) 
TOTAL=TOTAL+Q(KAC, KAD)**2 
CONTINUE 
CONTINUE
CALCULATE THE INVERSE OF THE MATRIX AND CHECK FOR 
SINGULARITY USING THE DETERMINANT CRITERION
CALL LBQT1F(Q,1 ,S, 5 , G,1 ,WKAREA, IER)
IF(IER.EQ.129)G0 TO 170
CALCULATE THE FRACTIONAL SHIFTS, VECTOR X
DO 80 KE=1,S |
X (KR >G  (KE) /DIAG (KE )**. SDO I
IF(X(KE).GT.1.0D0)XfXE)»0.95DO |
IF(X(KE),LT,-1 .0D0)X(KE)=-0, 95DO |
CONTINUE i
CALCULATION OF ALPHA_MAX |
SSHIFT»X(1)
DO 90 KF-1,5 i
IF(X(KF).LT.SSHIFT)SSHIFT=X(KF) 1
CONTINUE 1t
ALFAHX=-, 95/SSHIFT !j
THI0=0, 1
THI05=0.
IF (ALFAMX.GT.1 .0 )ALFAMX=1.0 
DO ISO KK=1,S 
M(XK)=C(1?K)*(1.+ALFAMX*X(KK))
BB(KK)=G(KK)*(1.+.5*ALFAMX*X(KK))
CONTINUE 
CALL GG(AA,TC,FF,CEQ)
CALL SG(BB,TC,EE,CEq)
DO 155 KL=1,5
THIO=THIO+DABS(GA(KL)) -*2 
THI1=THI1+DABS(FF(XL))**2 
THI05=THI05+DABS(BE(KL))**2 
CONTINUE
ALFAMN=.5*ALFAMX*(A.*THI0S-3.*THI0-THI1)/(2.*TKI05-THI0-THI1)
NEXT ITR OF CONCENTRATION CALCULATION
ALFAMN=1. ODD 
NERRORaO 
DO 160 KM=1,5 
C(KM)=C(KM)*(1.D0+ALFAMN*X(KM))
IF(C(KM).LT.0.0)C(KM)=l,D-5
IF(DABS(ALFAMN*X(KM)).GT.0.0001DO) NERROR=NERROR+1 
CONTINUE
CALCULATION OF CONCENTRATIONS C(6) TO C(10)
C(6)=CEQ(2)*C(1)*C(3)*C(A)
C(7)»CBQ(3)*C(1)*C(4)**2
C(8)=CEQ(4)*C(1)*C(4)
C(9)=CEQ(5)*C(3)*C(4)
C(10)=CEQ(7)*C(2)*C(3)*C(4)
XIONS-O.ODO 
DO 165 RP#1,10 
XI0NS=XI0NS+2(KP)*«2*C(KP)
CONTINUE 
XIONS=XIONS/2.DO 
IF(NERROR.GT.0 )GO TO 42 
E=?71.0D0+1.19D0*(TEMP-298.15D0)+8.61S6D-5*T£MP*- 
(DLOG(C(l)*Y(l)/C(2)/Y(2)))*1000.D0 
0.5D0*DLOG(C(5)*Y(5)))*10O0D0 
SLI2I=0.D0 
SLIMI=O.DO 
DO 167 XQ=1,10 
SLIMI=SLIMI+OHM(KQ)*C(KQ)
SLIZI=SLIZI+OHM(KQ)*C(KQ)/Z(KQ) 
SLIZI=SL1ZI-2.D0*(0KM(7)*C(7)+0KM(9)*C(9)) 
EDIFF=a.6155D-2*r£MP*(SLIZI+9.975)/(SLINI-524.475)*- 
DL0G(SUMI/524.47S)
E=506, 1D0+8.6 158D-5*TBMP/2*-
DLOG((C(1)*Y(1))**2/(C(2)*Y(2))**2/(C(5)*Y(5)))*1000
PH=E
GO lO 175 
WRITE(12,171)
F0RNAT(5X,'MATRIX SINGULAR')
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